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ABSTRACT
Although boron is an important element for the growth of the plant, the border
between being adequate or toxic for crops is very narrow, especially in citrus, where
boron concentration should not exceed 0.5 mg/l in irrigation water.
Most of the wells in Gaza Strip have concentrations higher than 0.5 mg/l, and the
wastewater around 4 mg/l while boron concentration in seawater in the range of 4.5–
5.0 mg/l. The aim of the current research is to assess the risk of boron as a result of
long-term reuse of treated wastewater for irrigation in different soil texture in the
Gaza Strip.
Two pilot projects for the reuse of treated wastewater for irrigation as assessed for
boron behaviour due to the long term use of treated effluent: The first in Sheikh
Ejleen area characterized by clay soil planted with lemon trees and irrigated by
treated wastewater since 2004. The second was in the Al-Mawasi area characterized
by sandy soil planted with Lemon and Guava, which were irrigated with treated
wastewater since 2010. Boron concentrations have been tested in the samples of
water, soil in two layers (0-30 cm , 30-60 cm) and the leaves of trees in the pilot
areas. In parallel other samples from fields irrigated by fresh groundwater wells in
both areas have been tested.
The treated wastewater in Sheikh Ejleen area has boron concentration of 1.03 mg/l,
led to 0.79 mg/kg boron concentration in both soil layers. The accumulation in lemon
leaves was 267.1 mg/kg dry weight. While boron concentration in fresh water
accounted for 1.13 mg/l caused accumulation of 0.38 and 0.73 mg/kg in first and
second soil layers, respectively. Lemon leaves have boron concentration of 219.6
mg/kg dry weight.
Boron concentration of treated effluent in Al-Mawasi is accounted for 1.45 mg/l, led
to 0.53 and 3.94 mg/kg boron concentrations in the first and second soil layers,
respectively. Leaves of Lemon and Guava have boron concentration of 104.1 and
47.22 mg/kg dry weight, respectively. While boron concentration of fresh water is
1.03 mg/l, led to 0.52 and 0.3 mg/kg boron concentration in the first and second soil
layers, respectively. Leaves of Lemon and Guava have boron concentration of 45.95
and 26.73 mg/kg dry weight, respectively.
The treated wastewater lead to a significant increase in the concentration of boron in
the soil and plants, but remained within the recommended limits globally, except in
one case, in the lemon in Sheikh Ejleen area, which reached to 267 mg/kg, exceeded
slightly the recommended limit 250 mg/kg dry weight. The increase of boron
concentration in clay than in sandy soil is due to the capacity of clay soil to fix boron
and reduce the leaching to the lower layers.
The study recommended that the installation of the RO system in waste water
treatment stations may be cheaper than spending high costs of installation second
RO system and ion exchange unit for more removal of boron in desalination plants,
because the huge volume to be desalinated is less than the volume of wastewater to
be treated, because the recommended value for drinking water is 2.4mg/l and the first
stage can remove boron to 1.8 mg/l , and second RO used to remove boron to 0.7
mg/l.

b

هلخص الذراست
تانشغى يٍ أٌ انثٕسٌٔ ػُصشاً يًٓاً نًُٕ انُثاخ ,فئٌ انحذٔد انر ٙذفصم ت ٍٛكَّٕ يالئًا ً أٔ سايا ً نهُثاخ ضٛقح
جذاً ,خاصح ف ٙانًحاصٛم انحساسح نٓزا انؼُصش يثم انحًضٛاخٔ ,انز٘ ٚجة أال ٚرؼذٖ ذشكٛض انثٕسٌٔ فٙ
يٛاِ انش٘ فٓٛا أكثش يٍ  0.5يهٛجشاو/نرش.
ٔيؼظى آتاس قطاع غضج ذحرٕ٘ ػهٗ ذشاكٛض نهثٕسٌٔ أػهٗ يٍ  0.5يهٛجشاو/نرش  ,كًا اٌ َسثرّ ذصم ف ٙانًٛاِ
انؼاديح انٗ  4يهٛجشاو/نرش ,كًا ٚثهغ يؼذل ذشكٛض انثٕسٌٔ ف ٙيٛاِ انثحش 5-4.5يهٛجشاو/نرش.
ٔقذ كاٌ انٓذف يٍ ْزا انثحث ْٕ ذقٛٛى يخاطش انثٕسٌٔ َرٛجح االسرخذاو طٕٚم األيذ نهًٛاِ انؼاديح انًؼانجح فٙ
س٘ إَٔاع يخرهفح يٍ انرشتح ف ٙقطاع غضج.
حٛث كاَد يُطقح انذساسح يششٔػ ٍٛذجشٚث ٍٛإلػادج اسرخذاو انًٛاِ انًؼانجح ف ٙانش٘ نرقٛٛى سهٕك انثٕسٌٔ
َرٛجح االسرخذاو طٕٚم األيذ نهًٛاِ انؼاديح انًؼانجح  :كاٌ انًششٔع األٔل تًُطقح انشٛخ ػجه ٍٛتغضج راخ انرشتح
انطُٛٛح انًضسٔػح تأشجاس انهٔ ًٌٕٛانر ٙذشٖٔ تانًٛاِ انًؼانجح يُز ٔ , 2004كاٌ انًششٔع انثاَ ٙتًُطقح
انًٕاص ٙتخإََٛس راخ انرشتح انشيهٛح انًضسٔػح تأشجاس انهٔ ًٌٕٛانجٕافح ٔانر ٙذشٖٔ تانًٛاِ انًؼانجح يُز
. 2010
حٛث ذى فحص ذشاكٛض انثٕسٌٔ ف ٙػُٛاخ يٍ انًٛاِ ٔ ,انرشتح ف ٙطثقر 30-0( ٍٛسى 60-30,سى)ٔ ,أٔساق
األشجاس ف ٙانًُطقرٔ ,ٍٛتانرٕاص٘ ذى فحص ػُٛاخ أخشٖ يٍ حقٕل يشٔٚح تًٛاِ اٜتاس انجٕفٛح ف ٙكال
انًُطقر.ٍٛ
أٔضحد انُرائج أٌ ذشكٛض انثٕسٌٔ ف ٙانًٛاِ انًؼانجح ف ٙيُطقح انشٛخ ػجه ٍٛتهغ 1.03يهٛجشاو/نرش ,يًا أدٖ
إنٗ ذشاكى نهثٕسٌٔ ترشكٛض  0.79يهٛجشاو/كجى ف ٙكهرا طثقر ٙانرشتحٔ ,تهغ ذشكٛض انثٕسٌٔ ف ٙأٔساق انهًٌٕٛ
ترشكٛض  267.1يهٛجشاو/كجى ف ٙانٕصٌ انجاف .تًُٛا تهغ ذشكٛض انثٕسٌٔ ف ٙانًٛاِ انجٕفٛح 1.03يهٛجشاو/نرش ,يًا
أدٖ إنٗ ذشاكى نهثٕسٌٔ ترشكٛض  0.73 ٔ 0.38يهٛجشاو/كجى ف ٙطثقر ٙانرشتح األٔنٗ ٔانثاَٛح ػهٗ انرشذٛةٔ ,تهغ
ذشكٛض انثٕسٌٔ ف ٙأٔساق انه 219.6 ًٌٕٛيهٛجشاو/كجى ف ٙانٕصٌ انجاف.
أيا ذشكٛض انثٕسٌٔ ف ٙانًٛاِ انًؼانجح ف ٙيُطقح انًٕاص ٙفقذ تهغ 1.45يهٛجشاو/نرش ,يًا أدٖ إنٗ ذشاكى نهثٕسٌٔ
ترشكٛض  3.94 ٔ 0.53يهٛجشاو/كجى ف ٙطثقر ٙانرشتح األٔنٗ ٔانثاَٛح ػهٗ انرشذٛةٔ ,تهغ ذشكٛض انثٕسٌٔ فٙ
أٔساق انهٔ ًٌٕٛانجٕافح 47.22 ٔ 104.1يهٛجشاو/كجى ف ٙانٕصٌ انجاف ػهٗ انرشذٛة .تًُٛا تهغ ذشكٛض انثٕسٌٔ
ف ٙانًٛاِ انجٕفٛح 1.03يهٛجشاو/نرش ,يًا أدٖ إنٗ ذشاكى نهثٕسٌٔ ترشكٛض  0.3 ٔ 0.52يهٛجشاو/كجى ف ٙطثقرٙ
انرشتح األٔنٗ ٔانثاَٛح ػهٗ انرشذٛةٔ ,تهغ ذشكٛض انثٕسٌٔ ف ٙأٔساق انهٔ ًٌٕٛانجٕافح 26.73 ٔ 45.95
يهٛجشاو/كجى ف ٙانٕصٌ انجاف ػهٗ انرشذٛة.
ذث ٍٛأٌ انًٛاِ انًؼانجح ذؤد٘ انٗ صٚادج يهحٕظح ف ٙذشكٛض انثٕسٌٔ ف ٙانرشتح ٔانُثاخ ٔ ,نكُٓا ظهد ضًٍ
انحذٔد انًٕصٗ تٓا ػانًٛا ً  ,إال ف ٙحانح ٔاحذج ْٔ ٙأٔساق انه ًٌٕٛتًُطقح انشٛخ ػجه ٍٛانرٔ ٙصهد إنٗ
 267يهٛجشاو/كجىٔ ,انر ٙذؼذخ قهٛالً انحذ انًٕصٗ تّ ٔانز٘ ٚثهغ  250يهٛجشاو/كجى .
حٛث ذشجغ صٚادج انثٕسٌٔ ف ٙانرشتح انطُٛٛح أكثش يُٓا ف ٙانشيهٛح إنٗ قذسج انرشتح انطُٛٛح ػهٗ ذثثٛد انثٕسٌٔ
فٓٛا ٔذقهٛم ذصشٚفّ إنٗ انطثقاخ انسفهٗ.
ٔأٔصد انذساسح تأٌ ٚرى ذخفٛض ػًهٛاخ إصانح انثٕسٌٔ ف ٙيحطاخ انرحهٛح ٔاسركًال اإلصانح ف ٙيحطاخ
انًؼانجح ألٌ انحذٔد انًسًٕح تٓا نهششب أػهٗ تكثٛش يُٓا نهش٘  ,يًا سٛقهم ذكانٛف اصانح انثٕسٌٔ َظشا نكثش
حجى انًٛاِ انًحالج تانًقاسَح يغ انًٛاِ انًؼانجح إلػادج اسرخذايٓا ف ٙانضساػح .
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1 Chapter 1: Introduction
1.1 Background:
Gaza Strip is one of the semi-arid area where rainfall is falling in the winter season
from September to April, whereas the long term average rainfall rate in all over the
Gaza Strip is between 200 mm/ year in the southern area to 400 mm/year in the
northern areas(Al-Najar, 2011). Groundwater aquifer is considered the main and only
water supply source for all kind of human usage in the Gaza Strip (domestic,
agricultural and industrial). This source has been faced a deterioration in both quality
and quantity for many reasons such as the low rainfall, increased in the urban areas
which led to a decrease in the recharge quantity of the aquifer, also increasing the
population will deplete the groundwater aquifer and lead to seawater intrusion in
some areas as a result in pressure differences between the groundwater elevation and
sea water level(Hamdan, Troeger, & Nassar, 2007; Qahman, Larabi, Ouazar, Naji, &
Cheng, 2009; Shomar, 2011) .
The groundwater aquifer beneath Gaza Strip is limited in its area, while the natural
boundary of this aquifer reach Haifa in the North and goes to Sinai in Egypt in the
south, and it‟s also bounded from Hebron in the East till the Mediterranean Sea in the
west. As the Israeli occupation practices along the years, the Gaza ground aquifer
become limited in its fresh water production because the natural recharge from East
and North is being trapped before reaching the political boundary of the Gaza Strip
through drilling wells just at the Eastern and Northern Gaza borders. Added to that
the dams which are being constructed along the upper stream of Wadi Gaza to stop
the natural flow in the Wadi towards Gaza Strip, in which make the entire Wadi‟s in
the Gaza Strip dry (CMWU, 2010a) .
The groundwater quality is monitored through all municipal wells and some
agricultural wells distributed all over the Gaza Strip. The agricultural monitoring
wells are tested against chloride and nitrate ions twice a year by the MOA, while the
municipal wells are monitored through all the cation‟s and anion‟s twice a year with
the cooperation of both MOH and CMWU. The groundwater quality varies from
place to another and from depth to another. The chloride ion concentration varies
from less than 250mg/l in the sand dune areas as the northern and south-western area
of the Gaza Strip to about more than 10,000mg/l where the seawater intrusion has
occurred. (CMWU, 2010a)
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The fresh groundwater area in the Gaza aquifer (Cl ≤ 250 mg/L) is existing in
limited part of the aquifer located in the north of Gaza and west of Khan Younis
(Mawasy) as per PWA map for 2014 (Figure 1.1). The major parts of the aquifer
have a Cl concentration of 500 -1500 mg/l, while along the coastal line exceeds 2000
mg/l of Cl concentration because of seawater intrusion influence. Figure 1.1 shows
also that the Cl concentration in the southeastern part of the Gaza Strip is more than
1500 mg/l reflecting the upward leakage of the high saline water from the underneath
water horizons((PWA), 2015) .

Figure (1.1): Chloride Contour Map, 2014
While the source of the nitrate ion in the groundwater chemical components have
resulted from different sources i.e. intensive use of agricultural pesticides beside the
existence of septic tanks to dispose the domestic wastewater in the areas where there
is no wastewater collection system. The nitrate ion concentration reaches a very high
range in different areas of the Gaza Strip, while the WHO standard recommended
nitrate concentration less than 50 mg/l. (CMWU, 2010a)
As indicated in Figure 1.2, NO3 contour map for the year 2014, it is clear that the
NO3 concentration in the pumped domestic water is ranging between 50 mg/l and >
300 mg/l. Where the high NO3 concentration mainly occurred in the different
3

residential areas of Gaza Strip reflecting the percolation of the wastewater to the
underneath aquifer through the networks or cesspits and septic tanks. Khan Younis
has the highest concentration since most of the residential area is not served by
sewerage system and many areas are still served by cesspits facilities. On the other
hand, the low NO3 concentration occurred in the area that is not occupied by
residents (southeast part of Rafah) or characterized by low transitivity of thick
unsaturated characterized (Al Nusairat area).

Figure (1.2): Nitrate Contour Map, 2014
The importance of wastewater reuse is increasing as a result of growing water
demands in semi-arid areas all over the world(Ranieri, Leverenz, & Tchobanoglous,
2011). This is generally the situation in the Mediterranean region. A number of
Mediterranean countries regularly experience severe water supply and demand
imbalances. Water quality in the Gaza Strip is highly contaminated, most of the
water of the coastal aquifer can be classified as saline and highly nitrate
concentration((PWA), 2013) ( Hamdan et al., 2007; Qahman, Larabi, Ouazar, Naji,
& Cheng, 2005). In order to overcome such problems, it needs to have good
management approach to balance the abstraction rate from the aquifer and the
recharge to achieve the sustainability (Hussein, 2005) In the last years, many
Mediterranean countries that mainly depend on the Reverse Osmosis (RO)
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technologies to desalinate water and reusing the treated wastewater for irrigation
purposes have been suffering from high boron concentration in the permeate water.
In neighboring countries the problem has enormously immerged. Israel strategy is
primary based on relying on desalination plants to supply the residential consumption
and on the reuse of treated wastewater in agriculture sector(Glueckstern & Priel,
2003). Recently after wide implementation of this strategy, some serious limitations
had been discovered during field practice. One of the critical problems is that some
types of plants had negatively affected due to using the treated wastewater that
contains high concentration of Boron resulting from seawater desalination for
irrigation purposes. This problem has been taken into consideration and all existing
and proposed Seawater desalination plants in Israel are removing Boron using special
methods to reach about 0.3 mg/l in some plants (Dreizin, Tenne, & Hoffman, 2008;
Moatty, 2001; Taniguchi, Fusaoka, Nishikawa, & Kurihara, 2004)
Many wastewater reuse pilot projects demonstrations carried out in the Gaza Strip
prefacing large scale projects in the scene future. The current pilot experiments
principally aim to demonstrate the practical feasibility of treated wastewater for
agricultural purposes considering the sustainable development, which should take
into account the technical, economic and social constrains. The problem is
exacerbated under using uncontrolled treated wastewater effluent without consider its
quality concerning Boron((PWA), 2013) . Accordingly, there is a real need to
review and highlight the effect of Boron concentration from the treated effluent on
the plant considering the soil type and the irrigated plants.

1.2 Problem definition
Water demand in the Gaza Strip is increasing continuously due to population
increase resulting from natural growth and returnees, while the water resources are
constant or even decreasing due to urban development. The Gaza Strip is classified
as a semi-arid region and suffers from water scarcity. The renewable amount of
water that replenishes the groundwater system is much less than the demanded
amount, and this resulted in deterioration of the groundwater system in both
quantitative and qualitative aspects (Jarboo & Al-Najar, 2015). The annual average
rainfall varies from (400-200mm) at the north to south respectively. Total abstraction
of groundwater in Gaza Governorates exceed 200 Mm3 year-1 ((PWA), 2014).
Around two third of ground water pumped through more than 10000 wells used for
agriculture propose. 110 Mm3 annual deficit of water balance, due to increasing of
the gap between water demand and water supply, as a result of rapid population
growth in this small area. Therefore, there is an urgent need to conserve and protect
fresh water and to use the water of lower quality for irrigation. The use of treated
wastewater (reclaimed water) for irrigation could be one of the main options to
develop the water resources in the Gaza Strip as it represents an additional renewable
and reliable water resource (Al-Najar, 2007).
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Wastewater generation is around 80% of water use for domestic purposes. The
quantities of treated wastewater are expected to reach 92 MCM per year by 2020
((PWA), 2014). Using treated effluent for agricultural purposes would reduce the
deficit and would reduce the ground water quality compared to its direct disposal to
the surface or ground water bodies. The maximum quantity of treated effluent may
be used in Gaza Strip – in case of accounting for all the fruits areas (Citrus, Olives
and other Fruit Trees) and converting the rain-fed areas to irrigated areas partially,
maximally, the quantity of effluent will be used is about 35- 40 MCM/year.
However, the total needs of the entire treated effluent are subject to more
augmentation in case of climate change impacts and additions of leaching fractions
due to the high water salinity.
Due to the proposed strategic plan of the PWA, which mainly depends on the
desalinated water for domestic water supply and wastewater reuse for irrigation, the
boron concentrations will increase massively in the wastewater and will lead to a
boron problem and more specially it would harm the corps fields which will be fed
by the treated wastewater.
Therefore, the levels of boron toxicity in the common plants in the Gaza Strip will be
reviewed on the light of environmental circumstances and site specific.

1.3 Objectives of the research project:
Therefore, the following objectives are formulated:
1. Evaluating the treated effluent characteristics in Sheikh Ejleen and Khan
Younis waste water treatment plants, concerning Boron before the
desalinated water reused (current situation).
2. Evaluate the quality of the crops production interims of excess Boron in
treated effluent
3. Determine the fate of boron in the soil, water and plants.

1.4 Thesis Structure
This thesis consists of five chapters arranged carefully in the order to make it clear
and understandable. This section presents a brief description of these chapters:
Chapter 1. Introduces the reader to the general features of the subject, problem
definition, objectives of the research, and the methodology of this study.
Chapter 2. Provides a general review of relevant previous studies .
Chapter 3. Represents the methodology adopted in the research, discusses the
experimental details, experimental program, samples that used,
Chapter 4. Discussion and analysis of sampling results for irrigation water, soil and
plant leaves samples.
Chapter 5. This chapter states the conclusions and recommendations.
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2 Chapter 2: Literature review
Many parts of the world are experiencing severe water drought and it affects
societies both economically and environmentally. Therefore, conservation practices
are essential to balance water supply and demand. Greywater or wastewaters from
showers and laundries, if treated well can be a reliable source for activities such as
irrigation, toilet flushing and car washing.
Pollutant such as boron in greywater is of particular interest because many plants are
sensitive to even low concentrations. High concentrations of boron can induce
toxicity, reduce growth rate and yield in plants. Therefore, proposed wastewater
treatment systems need to consider the sensitivity of plant species and boron
concentrations and potential removal.(Ghavanloughajar, 2015)

2.1 Desalination Project in the Gaza Strip:
The supply of drinkable water to the population of approximately two millions in
Gaza, at the present time, relies almost totally on the underlying groundwater.
The water situation in Gaza is very bad in terms of quantity and quality, where the
Coastal Aquifer in the Gaza Strip receives an annual average recharge of 55 -60
MCM/y mainly from rainfall, while the annual extraction rates from the aquifer is
about 200 MCM. This unsustainable high rates of extraction has led to lowering the
groundwater level, the gradual intrusion of seawater and up conning of the
underneath saline groundwater. Gaza Aquifer needs to be regenerated before it can
be sustainably used again.(PWA,2014)
The worsening water quality is a serious threat to the population health as well as for
the coastal aquifer. The aquifer has been exploited three times over its natural
recharge capacity for several years, leading to sea water intrusion. 80% of the water
wells in Gaza does not comply with WHO drinking water standards due to high
chloride concentration and 20% does not comply the WHO limits due to high nitrate
from human and agricultural pollution ,this means that 93.5% of the water produced
in Gaza does not comply with WHO/EU drinking water standards due to high nitrate
from human and agricultural pollution or chloride concentrations. The two million
people living in the Gaza Strip are therefore exposed to an unacceptably high health
risk (PICTOR, 2014). The aquifer is showing clear signs of imminent failure or
collapse.
Desalination is already practiced in Gaza strip but on a small scale. There are only
two seawater Desalination plants all over Gaza strip, Deir El-Balah Seawater
Desalination plant (DSWDP) serves people in Middle area in general and with
productive capacity of 2000 cubic meters per day. The second Seawater Desalination
Plant (GPS-SWDP) exists at the Central Electricity Generating Plant in Gaza Strip
and the produced water is used for electricity production purposes.(Ouda, 2014)
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Three short term low volume desalination (STLV) plant projects are already under
construction for short term mitigation of the existing deficit and it is expected that
the works will be completed within year 2019.
With the financial support of the European Investment Bank (EIB) the concept
design related to the construction and operation of the regional desalination facility,
which comprises the construction of a seawater reverse osmosis treatment plant of a
capacity 55 MCM/y, is completed.
The new water supply and distribution system shall take in consideration the planned
needs of water supply until 2035 as indicated in the Comparative Study for Water
Supply Options for Gaza, including consequences of the expansion of the above
mentioned desalination plant from 55 MCM/y first phase capacity, up to 110 MCM/y
capacity.
The first phase including the Design Built Operation (DBO) tender is expected to be
completed by 2020, while the upgrade of Gaza Central Desalinization Plant (GCDP)
up to 110 MCM/year is expected to be completed by 2027.
Blending of the desalinated water with groundwater to achieve a water quality in
compliance with World Health Organization (WHO) and Palestinian standards,
transmission of this water to all regions of the Gaza Strip and its distribution and
efficient use will be necessary to make the desalination project sustainable.
The minimum water quality standards to be achieved are for an interim period (up to
2025), a chloride concentration of 400 mg/l and ultimately only 250 mg/l, the latter is
also the WHO limit. The main problem in concern is that the desalination plant could
produce Boron suitable for domestic water purposes, but the PWA has a strategy to
use the treated effluent in agriculture. The desalinated water has Boron concentration
higher than the recommended for agriculture, therefore the proposed solutions are
either to add more desalination components which will affect the cost of treatment or
to find proper solution for the treated effluent to prevent the agriculture negative
effect due to Boron concentration.

2.2 Boron in nature:
Boron is a nonmetallic element, Boron is the first element of group 13 (IIIA) in the
periodic table and is the only non-metal of this group, which has five protons in its
nucleus along with five to six neutrons, resulting in two stable isotope forms: B10
(abundance of 19.8%) and B11 (abundance of 80.2%), averaging its atomic weight at
10.81 Da.(Kim et al., 2009)
Elemental boron had limited industrial uses and is typically not found in
nature((USEPA), 2004b). Being a weak acid, boron exists primarily in solution as
undissociated boric acid (H3BO3) or related salts such as borax (Na2B4O7) which
has various hydration states with the decahydrate most common.
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Boron is a naturally-occurring element that is widespread in nature at relatively low
concentrations(Woods, 1994) and occurs naturally in over 80 minerals((CCME),
2009).
Boron occurs as a trace element in most soil and is estimated to constitute
approximately 0.001% of the earth‟s crust(Adams, 1964). Boron in the earth‟s crust
is estimated at an average of approximately 10 mg/kg((WHO), 1998), with rocks and
soils typically less than 10 mg/kg although concentrations as high as 100 mg/kg have
been reported in shales and some soils((USEPA), 2004b). Some soils in the United
States have also been reported up to 300 mg/kg (Shorrocks, 1997).
The boron concentration in the world‟s oceans ranges between 1 – 10 mg/ l, with an
average of 5 mg /L. Boron‟s presence in water is often a result of weathering of
boron-containing minerals and soils(Parks & Edwards, 2005). Another significant
source of boron is boric acid, which is released through volcanic
eruptions(Muetterties, 1967). Boron is also released into water from anthropogenic
sources such as mining of boron oxide(Parks & Edwards, 2005)
Boron has a high affinity for oxygen so in nature it is almost always found associated
with oxygen as either boric acid (H3BO3), borates (BO33-), or borosilicates(Wiberg,
Wiberg, & Holleman, 2001) . Other polyborate ions exist but their presence in nature
is negligible(Parks & Edwards, 2005).
Among various boron compounds, boric acid, H3BO3 and borax, Na2B4O7.10H2O,
are the most environmentally important compounds since other types of boron
compounds are introduced to the environment in such small amounts that their
environmental significance is minor. It should be noted that boric acid and
borax are also products of the breakdown of other compounds in the natural
environment(Sprague, 1972).
Elemental boron exists as a solid at room temperature, either as black monoclinic
crystals or as a yellow or brown amorphous powder when impure. The amorphous
and crystalline forms of boron have specific gravities of 2.37 and 2.34, respectively.
It was first obtained by Moissan in 1895 by reduction of boric anhydride (B2O3)
with magnesium in a thermite-type reaction. This is still used today for obtaining
large quantities of impure boron(N. Kabay et al., 2008).
Sodium per-borates are per-salts, which are hydrolytically unstable because they
contain characteristic boron–oxygen–oxygen bonds that react with water to form
hydrogen peroxide and stable sodium metaborate (NaBO2·nH 2O). ((WHO), 2003).
The US Environmental Protection Agency (EPA) provides an extensive list of
chemical and physical properties of boron compounds((USEPA), 2004b) (United,
Environmental Protection, Health, & Ecological Criteria, 2008)
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Table (2.1): Physical and Chemical Properties of Boron and Selected Boron Compounds Boron

CAS Registry
Number
Molecular
Formula
Molecular
Weight
Boron Content
(%)
Physical Form
Specific Gravity
(@ 20°C)
Melting Point
(°C)
closed space
Melting Point
(°C)
anhydrous form
(crystal)
Water Solubility
(% w/w)
Vapor Pressure
(mm Hg)

Boron Oxide

Anhydrous
Borax

Borax

Boric Acid

Boron

1303-86-2

1330-43-4

1303-96-4

10043-35-3

7440-42-8

B2O3

Na2B4O7

Na2B4O7.10H2O

H3BO3

B

69.62

201.27

381.43

61.83

10.81

31.06

21.49

11.34

17.48

100

white or colorless
vitreous granules

white or colorless
vitreous granules

white or colorless
crystalline
granules or
powder

white or colorless
crystalline
granules or
powder

black crystal or
yellow-brown
amorphous
powder

2.46

2.37

1.73

1.51

2.34

No data

No data

>62

171

2300

450

742

742

450

2300

rapidly hydrates
to boric acid

2.48 @ 20°C
34.5 @ 100°C

4.71 @ 20°C
65.63 @ 100°C

4.72 @ 20°C
27.53 @ 100°C

insoluble

Negligible at 20oC

Negligible at 20oC

Negligible at 20oC

Negligible at 20oC

0.0119 mm Hg
@ 2140°C
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2.3 The sources of boron releases to the environment:
Boron enters the environment mainly through natural processes and, to a lesser
extent, from human activities(Smallwood & World Health, 1998):
Natural processes:
lead to boron releases:
• from boron-containing rocks through weathering;
• from seawater, as boric acid vapor; and
• from volcanic activity and other geothermal releases such as geothermal steam.
Human activities:
mainly release boron through:
• agricultural use, mainly from the use of borate-containing fertilizers and herbicides;
• burning of domestic waste, crop residues and wood fuel, as boron is present in
many plants being necessary for their growth;
• power generation using fossil fuels such as coal and oil;
• waste from borate mining and processing, including the manufacture of glass
products. The use of glass products does not release boron, however, as the boron is
tightly bound within the glass itself;
• the use of borates and perborates in the home and industry;
• leaching from treated wood or paper; and
• disposal of sewage and sewage sludge.

2.4 Boron in water
Boron is detected in surface water and groundwater in various locations around the
world, including sea and river waters, where it is present mainly in the form of boric
acid (H3BO3) or borates, mainly sodium borate (Na2B4- O7·10H 2O), also known as
borax.
In seawater, typical boron concentration in seawater by far exceeds required value
and can be as high as 7 mg/L in the Arabian Gulf and usually is in the range of 4.5–
5.0 mg/l.(Redondo, Busch, & De Witte, 2003b) . Geographical location and seasonal
effects play a significant role in the boron concentration in the oceans and seas.
In freshwater, concentrations of boron have been reported ranging from 0.01 to 1.5
ppm in most cases(Kim et al., 2009).
For instance , boron levels measured in many US and Canadian surface water bodies
range from 0.01 to 0.4 mg/l, and in UK and Italy river waters reach 0.9 mg/l.
Meanwhile, studies measuring boron levels in potable water supplies in northern
Chile report values from 0.31 mg/l to 15.2 mg/l due to nearby boron-containing soil
deposits(Coughlin, 1998). In brackish water, boron levels are generally lower than 5
ppm.Hence, the geographic source of water is the major determinant of these widely
variable levels of boron in the drinking waters.
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2.5 Boron in Gaza Strip water resources :
Gaza water wells contain high concentrations of boron and this was clear after
performing boron tests on some wells covering different regions recently by CMWU
lab. The tests show that many water wells contains boron with concentration > 0.5
mg/l (Table 2.2) .(Ouda, 2014)
Table (2.2): Area and well name and the associated boron concentration
Area

Well name

Boron concentration (mg/l)

Gaza

Taftesh

0.69

Al-Moghraga

F-208

0.64

Qarara

L-19

0.55

Khanyounis

Waledeen

1.63

The high Concentration of Boron on the Aquifer would be also due to the excessive
use of fertilizers and herbicides in Agriculture.
Based on Ouda Study, sewage water contains boron concentration of around 4 mg/l
and this was found after performing a test on a sample from Khanyounis Wastewater
Treatment Plant by CMWU lab(Ouda, 2014) . The source of this boron is expected to
be either the drinking water or the hygienic products which are used domestically.
The impact of these hygienic products could be reduced through the suitable
legislations to prevent the usage and importing those materials which contain high
concentrations of boron similar to the actions taken by some neighboring
countries.(Ouda, 2014) .
(Figure 2.1) illustrates boron concentrations in the Gaza Strip wells.
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Figure (2.1): Distribution boron concentrations (mg/l) in the Gaza Strip wells
Referring to previous study prepared on the source of boron in the Southern
Mediterranean Coastal Aquifer including Gaza coastal aquifer established in 2000
(Vengosh et al., 2005), the study illustrated the main source of boron in the rocks at
the aquifer is the source of boron and not the seawater intrusion, therefore those
above results were expected to be high. As an output of the study, a map was
prepared to show the concentration of boron all over Gaza Strip (Figure 2.2).
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Figure (2.2): Distribution boron concentrations (mg/l) in the southern
Mediterranean coastal aquifer and the Gaza Strip as measured in 2000.
Arrows indicate upper limits of drinking water regulations in Israel and (EU) and
recommended by (WHO)(Vengosh et al., 2005)

2.6 Boron Chemistry
The elemental form of boron is unstable in nature, but as mentioned above, it is often
found in combination with oxygen forming a variety of borate salts and borosilicates
(Ross, Edwards, & Muetterties, 1967)
Boron is usually present in waters as boric acid, Boric acid is a very weak acid which
dissociates according to Figure 2.3:
H3BO3 + H2O = H2BO3- + H3O+
H2BO3- + H2O = HBO3-2 + H3O+
HBO3-2 + H2O = BO3-3 + H3O+

pKa = 9.14
pKa = 12.74
pKa = 13.80

Its concentration is usually expressed as “total boron” [B], which includes all species
and is expressed in terms of the molecular weight of the boron atom.
[B] = [H3BO3] + [H2BO3-] + [HBO3-2] + [BO3-3] as mg B/L
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However, the second and third dissociations are not important to explain the
reactions taking place in environments with a pH under 13(de la Fuente García-Soto
& Muñoz Camacho, 2009). From this it can be inferred that, in order to explain the
majority of practical cases in waters, soils, solids, etc., the species boric acid (H3BO3
or B(OH)3) and borate B(OH)4- are enough(N. Kabay et al., 2008; Nalan Kabay,
Güler, & Bryjak, 2010) 17 18 . Borate carries a net negative charge, while boric acid
is neutral. These two forms can interconvert rapidly, so the two forms are in
chemical equilibrium with each other. The exact percentage of boric acid and borate
in any aqueous system is basically dependent on pH, temperature, and salinity. In
general, the dissociation of boric acid in seawater can be described by the chemical
equilibrium reaction between the two species(Ahmed et al., 2010):
B(OH)3 + H2O ↔ B(OH)4- + H+

pKa = 9.2 at 25oC

where Ka is the dissociation constant of boric acid. It can be given as:
Ka = [H ]x[B(OH)4+]/[B(OH)3 ]

Figure (2.3): Boron species as a function of pH(Al-Saifi, 2011)

2.7 Guidelines and Regulations:
2.7.1For drinking water:
For many years, the permissible concentration of boron was 0.5 mg/l in drinking
water by the World Health Organization (WHO), but this value was revised in 2011
and modified as 2.4 mg/l due to the positive effects of boron for human health(World
Health, 2011).Thus, it is not a mandatory water quality parameter in the US and it is
not yet enforced in the Safe Drinking Water Act, despite the fact the Boron is
classified as a U.S. EPA's Drinking Water Contaminant Candidate.
In the US, only the state of California issued a regulation with a notification level of
Boron exceeding 1 ppm(Weinthal, Parag, Vengosh, Muti, & Kloppmann, 2005)
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USEPA Health Advisory Committee's maximum boron concentration of 0.6 ppm in
drinking water(Moore, 1997).
WHO considered the maximum tolerable intake in one day as 0.16 mg of boron per
kg body weight(Parks & Edwards, 2005).
EU still suggests maximum boron concentration in drinking water as 1.0 mg/L
(Nadav, 1999). Table 2.3, summarize Boron Drinking water Guidelines through the
world, this table illustrates the wide variations for the recommended limits.
Table (2.3): Drinking water quality concerning Boron concentration according
to many countries.
Drinking Water
(mg/l)
2.4
1
5
0.3
0.5
0.5

Country/Organization
WHO
EU
Canada
Australia
Israel
Oman
.

2.7.2 For irrigation water :
Boron in irrigation water is classified to three categories, none, moderate and sever
effect to the plants. Boron effect is also associated with the water pH as shown in
Table 2.4. Heavy metal standards of wastewater reuse in Oman (1996) states that
boron must be as (0.5 mg/l) in Unrestricted irrigation, and no more than (1 mg/l) in
Restricted irrigation(Dan, International Conference on Environmental, Development,
& Icesd, 2015). States such as California and Florida, and countries such as Israel,
Saudi Arabia, and Japan have relatively stringent regulations or guidelines of
maximum boron levels ranging from 0.4 to 1 mg/L for irrigation water(Park, Lee,
Cho, & Kim, 2012).
In Canada a guideline for irrigation water ranging from 0.5 – 6 mg/L according to
crop sensitivity for boron((AESRD), 2014a) ((CCME), 2005).
Table (2.4): Guidelines for interpretations of water quality for irrigation((FAO),
1985)
Potential Irrigation

Boron (B)

Units

mg/L

Degree of restriction on use
None

Moderate

Severe

< 0.7

0.7- 3.0

>3

Normal Range 6.5 -8.4

Ph
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2.8 Effects of boron :
2.8.1Animals and human :
In animals, high boron concentrations have been observed to affect male
reproductive capabilities((WHO), 1998), unlike in humans where no such negative
findings have been reported (Korkmaz et al., 2011).
Effects of boric acid on human health and the environment depend on how much
boric acid are present and the length and frequency of exposure. Effects also depend
on the health of a person and/or certain environmental factors.

2.8.2Plants :
2.8.2.1 Standards and regulation
Although Boron is a required nutrient for crops, there is a small concentration range
between that level which is considered adequate or optimal for crop production and
that considered toxic, excess levels of boron in irrigation water could have harmful
effect for some plants .(Grieve, Grattan, & Maas, 2012; M. Shaaban, 2010)
Despite the fact that boron exists in fertilizers, where it is described as an essential
constituent for the growth of plants and vegetation, boron contamination is a serious
threat to crops, because they are very sensitive to high levels of boron in the
irrigation water(Peinemann & Nunes, 2010).
Boron can support the growth of plants and crops in different processes. One such
process is the ability of boron to facilitate sugar movement from leaves to stems.
Moreover, boron plays a role in the growth of cell walled.
Boron accumulation in plant leaves and roots due to transpiration induces boron
toxicity. Toxicity symptoms appear on older leaves as a yellowing, spotting, or
drying of leaf tissue at the tips and edges(Ghavanloughajar, 2015) .
Not all crops are equally sensitive to boron; some plants can show boron
deficiency at a concentration that would be toxic to a different plant. Boron has
been found to be toxic for certain crops, notably citrus plants, when present in
irrigation water at levels greater than 0.3- 0.5 mg/l((WHO), 2003) .
Based primarily on sand culture experiments by Eaton in 1935 and 1944(Frank M
Eaton, 1944; Frank M. Eaton, United, & Department of, 1935), various
supplementary rankings were created in later years by Maas in 1984(E. Maas, 1984)
which formed the levels of many crops tolerance for boron concentration in
irrigation water guidelines, as the shown in Table 2.5 :
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Table (2.5): Levels of many crops tolerance for boron concentration in
irrigation water(E. Maas, 1984)
Tolerance

Crops

Very sensitive (<0.5 mg/l)

Lemon , Blackberry

Sensitive (0.5-0.75 mg/l)

Avocado, Grapefruit , Orange, Apricot, Peach,
Cherry, Plum, Persimmon, Fig, kadota, Grape,
Walnut, Pecan, Cowpea, Onion

Sensitive (0.75-1.0 mg/l)

Garlic, Sweet potato, Wheat, Barley, Sunflower,
Bean, mung, Sesame, Lupine, Strawberry,
Artichoke- Jerusalem, Bean- kidney, Bean-lima,
Groundnut-Peanut
Pepper- red, Pea, Carrot, Radish, Potato,

Moderate sensitive (1.0-2.0 mg/l)
Cucumber

Moderate tolerant (2.0-4.0 mg/l)

Lettuce, Cabbage, Celery, Turnip, BluegrassKentucky, Oats, Maize, Artichoke, Tobacco,
Mustard, Clover-sweet, Squash, Muskmelon
Sorghum, Tomato, Alfalfa, Vetch-purple,

Tolerant (4.0-6.0 mg/l)
Parsley, Beet-red, Sugarbeet
Very tolerant (6.0-15.0 mg/l)

Cotton, Asparagus

2.8.2.2 Leaf Boron Concentrations and Toxicity :
Boron is an element that can accumulate in leaf tissues to toxic levels. Chapman(H.
D. Chapman, 1968a) suggests that typically B injury occurs when leaf concentrations
exceed 250-300 mg/kg dry weight. However the absolute concentration of boron in
the tissue is not a very good indicator of toxicity (Nable, Bañuelos, & Paull, 1997).
Factors other than total boron concentration are responsible for development of toxic
symptoms such as solubility, partitioning, and species of boron in the plant tissue.
And, weather conditions may affect the degree of injury (Grattan, 2013).
For example, a certain concentration may be high in the tissue but injury may not be
evident until a hot, dry day (E. V. Maas & Grattan, 1999).
As shown in Table 2.6, Chapman suggest guidelines for citrus leaf concentrations
deficiency and toxicity. Moreover, Chapman's arranged the citrus species depend on
its Boron tolerance (Table 2.7)
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Table (2.6): Guidelines for citrus leaf concentrations deficiency and toxicity(H.
D. Chapman, 1968a).
leaf concentrations
deficiency / toxicity
(mg/kg dry wt)
15-25
Deficient
30-100
normal range
100-300
Slight to moderate injury
200-500
pronounced injury
500-2400
severe toxicity
Table (2.7): The citrus species depend on its Boron tolerance(H. D. Chapman,
1968a)
Citrus Scion

Tolerance Ranking

Orange
Grapefruit
Kumquat
Mandarin
Sour Orange
Lemon

Most Tolerant

Most Sensitive

In general, the critical leaf boron concentration when B toxicity occurs falls in the
250-260 mg/kg dry weight range(Embleton, Jones, Labanauskas, & Reuther, 1973;
Grattan, 2013) .

2.8.2.3 Soil Boron Concentrations and Toxicity:
Boron present in any water source can accumulate in the soils, similar to salinity and
minerals. However, unlike common salinizing salts, boron has a higher affinity for
the soil. Therefore a lag time exists both in terms of the time it takes boron
concentrations to increase in the soil water and the time and amount of water it takes
to reclaim soils once they become boron-affected.
In soils , boron may be found in four forms : organically bound, water soluble,
adsorbed, and fixed clay and mineral lattices.
Arid, saline soils generally contain the highest boron concentration . In sandy soils,
boron is leached more readily than in clay soils and is thus less likely to accumulate
to toxic concentrations(Adriano, 1986) .
When B is released from soil minerals, mineralized from organic matter, or added to
soils by means of irrigation or fertilization, part of the B remains in soil solution and
part is adsorbed ("fixed") by soil particulates. An equilibrium exists between the
solution and adsorbed B(Frank M Eaton & Wilcox, 1939).
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Since plants obtain B from the soil solution and the adsorbed pool of B acts as a
buffer against sudden changes in solution B (HATCHER, Blair, & Bower, 1962), it
is important to know how B is distributed between the solid and the liquid phases of
the soil.
Boron retention in soil depends on B concentration of the solution (especially as
borate), soil pH, texture, organic matter, cation exchange capacity, exchangeable ion
composition, type of clay, and mineral coatings on the clays(Bingham, 1973).
Furthermore, the degree of B fixation is influenced by moisture, wetting and drying,
temperature and soil texture(Biggar & Fireman, 1960). Thus, it is not surprising that
soils differ considerably in their capacities to fix B.
Factors affecting amount of B adsorbed in the soil is :
There are many several factors influence the amount of- B adsorbed by soils. These
include pH, texture, wetting and drying, temperature. Ionic composition of the soil
solution, management practices such as liming and so on(Evans & Sparks, 1983).
Soil pH:
Soil pH is one of the most important of these factors. It has been reported by several
investigators that increasing pH enhances B adsorption by soils, showing a maximum
in the alkaline pH range.
clay content :
The type of clay minerals and exchangeable ions in the soil. Generally, soils with
low clay content will adsorb less B than those with higher clay content. The greater
the ability of the soil to adsorb B, the lower the B content in the soil solution.
Regulations :
The Canadian Environmental Quality(CCME) Guidelines suggest guideline of 2
mg/kg HWS soil boron from 1991 until now((CCME), 1991) ((AESRD), 2014a) .
This soil guideline is based on the protection of plants as the most sensitive receptor
to boron, which is consistent with irrigation water being among the most restrictive
of the water quality guidelines. This Soil Remediation Guideline for Boron:
Environmental and Human Health guideline is considered an „interim‟ guideline
from 1991 (CCME, 1991) based on professional judgment and information available
at that time.
According to experimental studies by Kelling from University of Wisconsin
(Kelling, 1999) he classified the levels of boron in many species of soils as a
following (Table 2.8) :
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Table (2.8): Interpretation of Boron content in soil
Soil Texture
Sands, Loamy
Sands
Sandy Loams,
Loams,
Silt Loams Silts,
Clays

Very Low

Low

Optimum

High

Excessive

<0.2

0.3-0.4

0.5-1.0

1.1-2.5

>2.5

<0.3

0.4-0.8

0.9-1.5

1.6-3.0

>3.0

Table 2.9 contains a summary of soil analysis based on hot water extraction of soil B
for optimum crop growth. The table, taken from (Berger, 1949).
Table (2.9): Optimum hot water extractable Boron levels in soil for growth of
various crop crop species

The relationship between hot water soluble boron (hwsB) and plant uptake is specific
for a given soil texture and pH. For a given level of hwsB, plants will generally take
up more B from a more acid or lighter-textured soil(Russell, 1973) .
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2.8.3Boron toxicity in citrus
Initial symptoms may include the yellowing of the tips and margins of the older
leaves. As severity of the disorder increases, the chlorotic areas later on become
necrotic. The necrosis progresses from the leaf tips and margins towards the midrib
and base of the leaf. This gives the leaf a scorched appearance and eventually the
entire leaf dies and falls from the plant. The concentration patterns are as follows; old
leaves > young leaves > bark of rootstock > root > stems of scion > stem of rootstock
> wood of rootstock(Papadakis et al., 2004). Excess boron is known to make citrus
leaves thinner, reduce chlorophyll content and to reduce photosynthesis by damaging
thylakoid structure in the chloroplasts(Chen et al., 2012)
In citrus trees, B toxicity first appears on older leaves, usually in late summer or
early fall, as apical leaf mottling and chlorosis (yellowing) between the leaf veins
particularly closer to the leaf margins(H. Chapman, 1968b) (Figure 2.4) . And, boron
is not evenly distributed along the leaf. The concentration distribution of boron in
rough lemon leaves can vary as much as a hundred times where the variations in
tissue concentration reflect the degree of injury(Oertli, 1960).
As injury continues to advance, similar symptoms begin to show up progressively
on younger leaves. Injury may also progress from tip chlorosis and interveinal
mottling to the formation of tan-colored, resinous blisters on the underside of the
leaves(Wutscher & Smith, 1996), particularly in orange, grapefruit and mandarins.
Still the injury begins on the older leaves while the younger leaves remain
unaffected. It is important to note that since B toxicity in citrus may resemble other
nutritional disorders or toxicities, it is important that leaf samples are collected to
confirm the visual diagnosis. In severe cases, boron toxicity can cause leaves to
prematurely abscise and the entire branch and the tree can eventually die.
Determining the tolerance limits for B in the irrigation water for Citrus spp. is a
complex process. There are a number of factors based on the scion/rootstock
combination, soil type, water chemistry, climatic conditions, and management
practices that all play an important role. Regardless, the ultimate goal is to establish
appropriate irrigation water quality limits for B that protect long-term use for
irrigation of Citrus spp. The overall water quality is important because pH, salinity
and other constituents can affect adsorption process by the soil and absorption
processes by the root. As described earlier, Citrus spp. trees vary in sensitivity to
B and much of this sensitivity is related to the rootstocks inability to exclude B from
the scion. Soil type is important since it influences the soil-B adsorption processes,
which affect the soil solution B concentration. And the soil type can influence the
extent by which leaching can occur. The climate is important since it dictates the
amount of water the trees transpire and the amount of rainfall that leaches salts and B
below the root zone. Irrigation management is critical since applying too much water
is not economical or ecologically sound and applying too little can lead to
accumulation of salts and B over the long term regardless of the concentration in the
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irrigation water. Therefore all these factors need to be considered when developing
irrigation water quality guidelines(Grattan, Diaz, Pedrero, & Vivaldi, 2015).

Figure (2.4): Boron injury in citrus leaves

2.9 Methods of boron removal
Due to increasing demand of safe potable water and irrigation water, a decrease in
suitable water sources, water suppliers have to turn to alternative water resources.
For this purpose, desalination of seawater, treatment of highly saline water, even
contaminated surface waters, and treated wastewater reuse has become potential
methods to obtain water sources. By using those alternative sources, some trace
contaminants could appear in the product water. Boron is one of them.
Numerous technologies have been proposed for boron removal. This section reviews
conventional and advanced methods for boron removal. Most boron removal
processes developed around the idea of using seawater or contaminated water as a
source of potable or irrigation water since nearly all of those water sources have
concentrations of boron which usually exceed allowable limits.

2.9.1Distillation
The most obvious solution to deal with boron is a clean-water approach. The primary
method of obtaining fresh water absent a freshwater well or lake is through a
distillation process. With advances in efficiency and mechanical vapor
recompression systems, distillation to produce fresh water has improved over the
years. These thermal systems may be fueled by the gas being recovered or even flare
gas, but the low flow rates achieved require that the water be stored for extended
periods of time, which will likely trigger bacteria issues.
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2.9.2Chemical precipitation
Among different technologies, chemical precipitation is well-adapted for removal of
boron at high concentrations. Some chemical precipitation reactions have the ability
to utilize different precipitants to remove boron. The potential of organic and
inorganic compounds to precipitate boron from a solution through the coagulationprecipitation processes. They also extensively reviewed application and effectiveness
of those compounds. (Remy, Muhr, Plasari, & Ouerdiane, 2005)indicated the
difficulty of quantifying boron precipitation from dilute solution and expensive
process of drying final solution to acquire final product. They proposed the novel
method by using calcium hydroxide in powder form and they successfully reduced
the concentration of boron from 700 to less than 50 mg L-1 by maintaining high
temperature about 90oC for about 2 hours.
Although different precipitants are capable of removing boron from water, effective
chemical precipitation requires adjusting water pH and high chemical doses and
other coagulation aids are required for removing boron from low concentration
solution.

2.9.3Reverse Osmosis (RO):
Reverse osmosis is a major technology in wastewater treatment and have been used
in removing different water contaminants. Newly produced seawater reverse osmosis
membranes are claimed to have boron removal efficiency of 91-93% (Oo & Song,
2009). Conventional RO membranes reject boron to a level of about 40-78%. Single
stage RO membranes are able to turn seawater of boron concentration (4-5 mg L-1)
into permeate water with boron concentration of about 0.9-1.8 mg L-1 (Sagiv &
Semiat, 2004). This is because boric acid can diffuse through RO membrane in nonionic form similar to that of carbonic acid or water. Rejection of boron by RO is
better for the borate ion due to its charge while the rejection of non-ionized boric
acid is low due to its smaller size and lack of electrical charge. Due to the absence of
ionic charges at low pH, the hydration of the molecule results in a smaller size and
less rejection of the molecule by a membrane. The dissociated form on the other
hand will be fully hydrated, resulting in a larger radius and an enhancement of the
negative charge of the ion. This results in higher rejection both by exclusion and
repulsion by the negatively charged membrane (Redondo, Busch, & De Witte,
2003a) because boric acid dominate at low pH, it is able to form bridges of hydrogen
with the active groups of the membrane and diffuse in a similar way to that of
carbonic acid or water(Pastor, Ruiz, Chillon, & Rico, 2001). Several factors affect
RO process. These factors include temperature, operating pressure and pH. Studies
have shown that characterized parameters for selection of RO membranes should
include zeta potential, contact angle, roughness and pore size distribution.
Membrane surface roughness is also important in trapping of pollutants.(Ezechi, Isa,
& Kutty, 2012; Sarp et al., 2008)
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2.9.4Electrodialysis (ED):
Electrodialysis (ED) is a commonly used treatment technology. ED is an
electrochemical process in which ions migrate through ion selective semi permeable
membranes as a result of attraction to two electrically charged electrodes. It has high
rejection for total dissolved solids, ions and colloids(Bick & Oron, 2005).
Conventional ED is only capable of removing about 42-75% of boron(Yazicigil &
Oztekin, 2006). Advantages of ED include high rejection of contaminants, low
pressure requirement (lower than RO), requires minimal supervision in a remote
setting, reject can meet effluent disposal limits and prevents scaling while its
disadvantages include high capital and operating cost, high level of pre-treatment and
frequent electrode replacement. Several factors affect the efficiency of boron
removal by ED in produced water. They include interference of ions, pH of the
sample and nature of the ED membrane. Studies have shown that chloride and sulfate
affect boron transport in ED(Bandura-Zalska, Dydo, & Turek, 2009; Ezechi et al.,
2012).

2.9.5Adsorption:
Adsorption is a process through which boron is adsorbed unto different kinds of
particles. Many adsorbents have been used in adsorption process. They include
cerium oxide, activated carbon prepared from coconut shell impregnated with
calcium and barium chlorides, citric and tartaric acids, activated alumina, Al2O3
based materials (siral 30 and pural), activated carbon impregnated with salicylic acid,
iron-rich natural clays, activated sludge), neutralized red mud) and composite
magnetic particles(Ezechi et al., 2012). Several factors affect adsorption of boron.
They include loss of adsorbent, geometry of the system, the flow of water solution
through the pores of the system, the diffusion rate, adsorbent dose and the kinetics of
the surface reactions(Ozturk & Kavak, 2008).

2.9.6Ion exchange:
Ion exchange is one treatment process that has gained wider application in boron
treatment. The use of selective ion exchange resins (Purolite and Diaion) have not
only been efficient in removing boron from wastewater but also in recovering boron
from wastewater(N Kabay et al., 2004). The most commonly used resins are the
Amberlite IRA-743, otherwise known as Amberlite XE-243 and Diaion CRB 02 and
Dowex XUS 43594.00(N Kabay et al., 2008). These resins are macroporous
polystyrene based resin, with functional groups specially designed for the selective
removal of salts of boron from aqueous solutions. They are effective for solutions
over a wide range of pH values and over a wide range of boron concentrations. These
boron selective resins show great elimination performance and the sorption kinetics
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of both resins fit well to pseudo-second-order kinetics model(Shpiner, Liu, &
Stuckey, 2009). This complex formation is not pure ion exchange and therefore does
not require ionization of boric acid. The resin performance is not affected by
temperature variations, by pH value or by the background salinity of the water to be
treated. Selective sorption of boron by these sorbents is as a result of formation of
stable complexes like ethers or complex anions with polyoxicompounds. These
resins used in ion exchange system have a macroporous polystyrene backbone and a
very specific functional group based on N-methyl glucamine which has a tertiary
amine end and a polyol end and makes a very stable complex with boric acid(Jacob,
2007). Boron removal efficiency here is reported to be about 93-98%(Ezechi et al.,
2012; Melnyk, Goncharuk, Butnyk, & Tsapiuk, 2005).

2.9.7Electrocoagulation (EC):
Electrocoagulation (EC) is the process of destabilizing suspended, emulsified or
dissolved contaminants in an aqueous medium by introducing an electric current into
the medium(Emamjomeh & Sivakumar, 2009). EC is based on the valid scientific
principle of water response to strong electric field. EC is an emerging treatment
technology which has been applied with success in wastewater treatment(LinaresHernández, Barrera-Díaz, Bilyeu, Juárez-GarcíaRojas, & Campos-Medina, 2010).
Electrocoagulation involves the generation of coagulants in situ by electrical
dissolution of the sacrificial anode and involves the following three mechanisms;
electrode oxidation, gas bubble generation, flotation and sedimentation of flocs
formed(Emamjomeh & Sivakumar, 2009).
EC presents similar advantages as chemical coagulation and reduces its
disadvantages which results in higher yields and less waste sludge(Essadki, Gourich,
Vial, Delmas, & Bennajah, 2009).The advantages of EC include high particulate
removal efficiency, compact treatment facility, relatively low cost and possibility of
complete automation. EC is characterized by a fast rate of pollutant removal,
simplicity in operation and low capital and operating costs . EC has been used in
reducing boron to the World Health Organization (WHO) standard limit of 0.5 mg L1
. The efficiency of EC depends on sample pH, current density, temperature, boron
concentration, electrode spacing and treatment time. pH is an important parameter
influencing the performance of the electrochemical process because pH determines
the ionic form of boron (borate ions)(Ezechi et al., 2012).
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CHAPTER (3)
STUDY AREA AND RESEARCH
METHODOLOGY
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3 CHAPTER 3: Study Area and Research Methodology
3.1 Study area
Gaza Strip is the south- western part of Palestine, located in the south- eastern coast
of the Mediterranean Sea, it has a total area of approximately 360 km², Gaza‟s
unofficial maritime claim extends to twelve from nautical miles the coast, Israel
borders Gaza to the north and east and Egypt is its southern neighbour. Gaza is a
stretch of flat to rolling coastal plain, which is 40 km long and between 6 and 12 km
wide. Beside very densely settled areas Gaza, there are also wide areas of relatively
near-natural sand dunes (mainly in the south). Gaza strip is located between
longitudes 330-2" east and latitudes 310-16" norths. The area forms a transitional zone
between the semi-humid coastal zone in the north and the semi-arid loess plains of
the northern Negev in the east, and the arid Sinai desert of Egypt in the south.
Topography refers to the altitude of the land surface. Gaza strip is a coastal foreshore
plain gradually sloping westward toward the sea allowing for surface run-off to rein
filtrates the soil. A sandy beach stretches all along the coast, bound in the east by a
ridge of sand dunes known as Kurkar ridges(Bruins, Tuinhof, & Keller, 1991). This
alternating sequence of permeable and impermeable layers serves as a natural
catchment area for rainfall and renders the sand favorable for growing crops.
The topography in the Gaza Strip is influenced by the ancient kurkar ridges, which
run parallel to the present coastal line(S. Hamdan, 1999).

3.1.1 Gaza Sheikh Ejleen Reuse Project
The project proposed pilot farm aimed to demonstrate the interest of using treated
waste water for the irrigation of citrus and olive orchards. Farmers interested in
experiencing this new source of water have been contacted in the area around the
Gaza Wastewater Treatment Plant (GWWTP).
This area is located around the Salah el Deen road, close to the network conveying
the TWW from GWWTP to the infiltration basins and wadis. In 2004, the Job
Creation Program (JCP) in cooperation with Palestinian Hydrologists Group has
proposed a project to use TWW from Sheikh Ejleen WWTP for irrigating 100
dunums of citrus and olive trees. The project has been established under French fund
and the supervision of PWA and Municipality of Gaza with coordination with
Ministry of Health (MOH) and Ministry of Agriculture (MOA).
This project was successful, thereafter, extension has made till the last Israeli
invasion that led to the destruction of some of infrastructure of the project. However,
rehabilitation is currently done under the French and Spanish funds. This project was
operated again on November 2010 covering 186 dunums.
A site in Gaza City to demonstrate the reuse of treated wastewater in agriculture was
selected by PWA, the Ministry of Agriculture, Coastal Municipal Water Utility, and
the Municipality of Gaza. The criteria for selection taking into consideration that the
demonstration site would be within one of the Gaza governorates where the project
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was active and it would be close to a wastewater treatment plant (WWTP). The
layout of the treated wastewater reuse demonstration site is included in Figure 3.1.

Figure (3.1): the location of Skeikh Ejleen pilot project area
The stakeholders approved designation of about 176 dunums as a pilot area to
promote wastewater reuse in irrigation and to improve water reuse practices. The site
is in Gaza City within Sheikh-Ejleen area, close to the existing WWTP.
The objective of the Pilot Project for reusing waste water under this project is to test
the feasibility and efficiency of the proposed TWWDRU (Treated Waste Water
Distribution Unit). Figure 3.2, shows the infrastructure used for Sheikh Ejleen Reuse
Project

24"

Existing Infiltration Site

Source
24"
8"
Proposed Infiltration Sites
Storage

24"

To the Wadi
Figure (3.2): Infrastructure used for Sheikh Ejleen Reuse Project
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It is decided to install two parallel post wastewater treatment systems: sand filter and
reed bed (Figure 3.3). The effluent of the pilot post-treatment plant will be used for
the growth of citrus and olives. This would require Class B water Quality, according
to the Guidelines for wastewater Reuse for irrigation in Palestine. The total capacity
of the pilot post treatment system is 1,000m3/d. This equals 62.5 m3/h. 50% of this
flow will be treated in a sand filter and the remainder will be treated in a reed bed
system. The treated effluent from both sand filter and reed bed is stored in a 600 m3
reservoir prior to be used as irrigation water.

Figure (3.3): Post wastewater treatment system set up.

3.1.2Almawasi pilot project
With a fund of the Catalan Government, the JCP in close cooperation with PWA
And CMWU, launched a small pilot project for reuse of treated effluent with SoilAquifer Treatment system or SAT system. The project started with 60 dunums in
2008 and expanded to 90 dunums in 2010 cultivated with Guava, lemon and Palm
trees as shown in Figure 3.4. The BOD resulted from the recovery wells reaches 2025 mg/l.
Soil Aquifer treatment is an infiltration (or injection) of the sewage effluent into the
aquifer, and the natural movement of the effluent within the groundwater acts as a
natural filter to treat wastewater, decreasing BOD, TSS, bacteriological presence and
metal concentration. Since the soil and aquifer are used as natural treatment, such
system is called Soil-Aquifer Treatment system or SAT system. Soil-aquifer
treatment is, essentially, a low-cost, advanced wastewater treatment system. It also
has an aesthetic advantage over conventionally treated sewage in that water
recovered from a SAT system is not only clear and odor-free but it comes from a
well, drain, or via natural drainage, rather than from a sewer treatment plant. Thus,
the water has lost its connotation of sewage and the public see the water more as
coming out of the ground (groundwater) more than as sewage effluent. This could be
an important factor in the public acceptance of sewage reuse schemes.
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Figure. (3.4): Gaza Strip Soil map and the location of Khanyounis governorate
and the pilot project
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Groundwater recovery wells
In order to minimize the impact of the infiltrated partially treated wastewater on the
local groundwater resources, the infiltrated water recovered after it passes through
soil aquifer treatment process. Almost the same quantity of the infiltrated water will
be recovered. The recovered groundwater provided to nearby farms for agricultural
usage.
Two recovery wells constructed west of the KHWWTP with a capacity of 50m 3/hr.
as shown in figure 3.5. The locations of these wells based on model simulation runs
done by PWA with depth of 20 m.

Figure (3.5): Recovery Wells Location
The exiting irrigation system
My study will be conducted on an area of 46 dunums, 36 dunums actually guava
planted and 10 dunums of lemon trees ) irrigated with treated wastewater shown in
figure 10 which planted at distance of 5 meter apart .
The irrigation system involved in this project is a drip irrigation system. The
characteristics and operation of this type of drip application system determined the
inherent water application efficiency. The uniformity of the system is the primary
concern, and it is distinctly impacted local climate conditions such as wind speed,
wind direction, and temperature at the time of irrigation event, which cannot be
controlled.
Drip irrigation systems use emitters to deliver wastewater slowly to the plant.
Wastewater must be very low in solids, and cyclone filter may be required to reduce
suspended solid that can clog emitters. Therefore cyclone filter is provided. Drip
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systems can be used on any slope and are well suited to permanent planting, such as
landscaping. The equipment and installation costs for drip systems may be high, but
they do not create spray drift problems.

3.2 Research Methodology
3.2.1Sampling design :
On 20th and 21th of May 2016, all samples were collected experienced with water
quality sampling, soil quality sampling, and fruits sampling. The collected samples
were sent to an accredited laboratory for analysis. These samples have tested for
Boron concentration, Conductivity and pH value.
The primary design questions that need to be addressed before sampling commences
are:
1. What, how, when resource is to be sampled?
2. Where is sampling to commence?
3. How many samples are needed?
4. What statistical tests should be used in the analysis of any data collected?
5. When addressing these questions there are two main considerations?
First, it must be chosen a sampling method that is not selective, and that is efficient
at sampling the resource. It is recommend that the investigator assesses the
selectivity of the proposed sampling method by consulting the appropriate literature
or by conducting in situ selectivity tests as in this study. Second, the investigator
must consider the horizontal and vertical distribution of the resource, and
subsequently the spatial design of the sampling program.

3.2.1.1 Soil samples :
a. From Gaza Sheikh Ejleen pilot project
6 soil samples were collected from three different places irrigated with treated
wastewater around the fields at two different depth as follow:
 The first depth was from (0-30cm)
 The second depth was from (30-60)
6 samples were collected from three different places irrigated by groundwater
around the fields as stated above at the same two depths.
b. Al Mawasi, Khan Younis pilot project
Samples were collected by the same methodology shown above in Sheikh Ejleen
pilot project.
Every three samples from the same field and the same depth were mixed to make up
one composite sample , then we have 8 composite samples for Lab analysis as shown
in Table 3.1.
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Table (3.1): Sampling system from the soil of Sheikh Ejleen Project and AL
Mawasi Project - Khan Younis.
Sample
1s
2s
3s
4s
5s
6s
7s
8s

Irrigation
water
Fresh
Fresh
Fresh
Treated
Treated
Treated
Treated
Fresh

Soil Profile
Depth
0-30 cm
30-60 cm
30-60 cm
0-30 cm
30-60 cm
0-30 cm
30-60 cm
0-30 cm

The Site
Sheikh Ejleen Project
AL Mawasi Project
Sheikh Ejleen Project
Sheikh Ejleen Project
Sheikh Ejleen Project
AL Mawasi Project
AL Mawasi Project
AL Mawasi Project

3.2.1.2 leaves samples :
Samples were collected from leaves of lemon and Guava trees from 10 different
trees in each pilot projects in Gaza and Khan Younis, as following :
- 10 samples from lemon trees irrigated by TWW in Sheikh Ejleen
- 10 samples from lemon trees irrigated by FW in Sheikh Ejleen.
- 10 samples from lemon trees irrigated by TWW in Al Mawasi.
- 10 samples from lemon trees irrigated by FW in Al Mawasi.
- 10 samples from Guava trees irrigated by TWW in Al Mawasi.
- 10 samples from Guava trees irrigated by FW in Al Mawasi.
Every ten samples from the same field and the same irrigation water were mixed to
make up one composite sample from each field, then we have 6 composite samples
for Lab analysis as shown in Table 3.2.
Table (3.2): Sampling system from the leaves from Sheikh Ejleen and AL
Mawasi Project
Sample
1P
2P
3P
4P
5P
6P

Irrigation
water
Fresh
Fresh
Fresh
Treated
Treated
Treated

The crop

The Site

Lemon
Lemon
Guava
Lemon
Guava
Lemon

AL Mawasi Project
Sheikh Ejleen Project
AL Mawasi Project
AL Mawasi Project
AL Mawasi Project
Sheikh Ejleen Project
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3.2.1.3 Water samples
5 Samples were collected from irrigation water from each pilot projects, nitric acid
(HNO3) was added to samples stored in polyethylene containers to meet quality
standard precautions. Table 3.3 shows the irrigation sample type (groundwater,
treated effluent and recovery wells) and location
Table (3.3): The irrigation sample type (groundwater, treated effluent and
recovery wells) and location
Sample
1WG
2WG
1K
2K
3K

Irrigation water
type
Fresh
Treated
Recovery well
Fresh
Treated

Location
Sheikh Ejleen Project – Gaza
Sheikh Ejleen Project – Gaza
AL Mawasi Project - Khan Younis
AL Mawasi Project - Khan Younis
AL Mawasi Project - Khan Younis

3.2.2: Samples preparation in lab :
After sampling all soil and plant leaves, samples were sent to the Laboratory of the
Islamic University to prepare them before analyzing for boron in CMWU
Laboratory . The aim of this preparation is to make extraction for samples because
the ICP analyze aqueous extract only.

3.2.2.1 Soil and plant Extraction by hot water :
Extraction of soil B with hot water was originally developed by Berger and Troug
(1939) (BERCER & Truog, 1939) which involves refluxing soil with hot water for 5
min using a soil: water ratio of 1:2.
The procedure was modified by Gupta (1967) (GUPTA, 1967) who found that
increasing the refluxing time from 5 to 10 min resulted in significant increase in the
amount of B extracted from soils.
Over the years, many soil testing laboratories that routinely test soils for B made
some modifications to the Berger and Troug procedure. The University of Georgia
procedure extracts soil B using a 1:5 soil: water ratio and a suspension boiling time
of 30 min.
The extracted B can be measured colorimetrically using reagents such as carmine,
Azomethine-H or the most commonly used method in recent years is by inductively
coupled plasma-atomic emission spectroscopy (ICP-AES) (Hatcher & Wilcox, 1950;
Sparks et al., 1996; Wolf, 1971) .
The method below describes the ICP-AES technique used in measuring B extracted
from soil with hot water.
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Application and Principle
The amount of total B in soils may range from 7 to 80 mg/kg but the total B content
in soils is not necessarily correlated with its availability to plants(Keren et al., 1996)
In most soils, the amount of soil B available for plant uptake is <5% of the total B in
the soil(GUPTA, 1967).
Boron is not recommended for application when the hot water extractable B exceeds
0.5 mg/kg, and most crops are adequately supplied with an extractable B of 0.15
mg/kg.
Equipment and Apparatus:
1. Balance to weigh to the nearest 0.01 gm .
2. 125 mL Nalgene or plastic Erlenmeyer flasks
3. 7.5 cm plastic funnels.
4. Filter paper (Whatman #1, 15 cm diameter)
5. 250 mL Nalgene or plastic beaker
6. Deionized water dispenser
7. Reciprocal hot water shaking bath.
8. Instrumentation for boron analysis : using atomic emission spectroscopy by
inductively coupled plasma (ICP-AES). The equipment used was from
SPECTRO GENESIS company

Reagents
1. Boron Stock Solution (1000 mg/L): Use NIST traceable single element
plasma grade standard.
2. Boron Stock solution (10 mg/L): Pipette 10 mL of the 1000 mg/L B stock
solution into a 1 L volumetric flask. Make to volume with deionized water
and mix well. Store in a plastic bottle.
3. Boron Working Standards: Pipette 0, 1, and 3 mL of the 10 mg/L B stock
solution and bring to 100 mL volume with deionized water. This results to
standard B concentrations of 0, 0.10, and 0.30 mg B/L respectively. Make
up/store in plastic container.
Procedure
Extraction
1. weigh the sample of air-dried, 2-mm sieved soil into 125 mL plastic flasks.
2. Add 50 mL deionized water.
3. Load the flasks on a reciprocal hot water shaking bath and shake the slurries
for 30 minutes at 80oC.
4. Filter into 125 mL plastic Erlenmeyer flasks, using Whatman #1, 150-mm
diameter filter paper. The supernatant may be turbid due to colloidal
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materials that pass through the filter, check the filtrate for clarity and refilter
if necessary.
Analysis
1. Calibrate the ICP with deionized water (Type 1) as blank, and the 0.30 mg/L
B standards.
2. Use the 0.10 mg/L standard as a curve verification check. Analyze this
standard immediately after calibration and after the last soil sample.
3. Analyze the filtrate on the ICP emission spectrograph.
4. Prepare one duplicate sample and one quality control sample with each set of
samples analyzed.
Calculations
1. Soil Bmg/kg = ICP extract B reading x (50/ weight of soil used)
- The dilution factor of (50/ weight of soil used) is the volume of deionized
water added divided by the weight of soil used.

3.2.2.2 Analytical Techniques of Boron Analysis
The boron analysis was performed in Coastal Municipalities Water Utility
Laboratory using atomic emission spectroscopy by inductively coupled plasma
(ICP-AES). The equipment used was from SPECTRO GENESIS company that
has a detection limit of 1.25 μg /l.
This method consists of an ICP source consisting of a flowing stream of argon
gas ionized by an applied radio frequency field and a spectrometer. The field is
inductively coupled to the ionized gas by a quartz "torch" that confines the
plasma. A sample aerosol is injected into the plasma, subjecting the constituent
atoms to temperature of about 6,000 to 8,000 Kelvin. Ionization of a high
percentage of atoms produces ionic emission spectra.

3.2.2.3 (pH , EC) soil analysis
-

Soil samples were analyzed for pH and salinity content using 1:2 soil
dilutions.
50 mL of distilled water was added to Falcon tubes.
10 grams of soil was added to the tubes .
The Falcon tubes were capped, shaken, and allowed to settle for at least 30
minutes.
Salinity was measured using EC meter.
pH was measured using pH meter.

38

CHAPTER (4)
RESULTS AND DISCUSSION
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4 Chapter 4 Results and Discussion
4.1 Boron concentration in different types of irrigation water
As previously described in the study area chapter, samples from two location were
collected from the irrigation water, soil and plant tissue.
As shown in Table 4.1, the fresh groundwater in Sheikh Ejleen location has higher
Boron concentration than the treated effluent from the same location. The treated
effluent and the water from recovery wells have higher Boron concentration from Al
Mawasi location and accounted for 1.56 and 1.45 mg/l, respectively.
Table (4.1): Boron concentration in different irrigation water at different
locations of the experiment.
Type of Irrigation
water
Fresh
Treated
Recovery well
Fresh
Treated

Location

B concentration (mg/l)

Sheikh Ejleen
Sheikh Ejleen
AL Mawasi
AL Mawasi
AL Mawasi

1.129
1.027
1.454
1.027
1.56

As shown in Figure 4.1, the fresh water in Al Mawasi has lower concentration of
Boron than the fresh water from Sheikh Ejleen. In contrast, the treated effluent from
Al Mawasi is higher than Sheikh Ejleen and accounted for 1.45 and 1.03 mg/l.

1.6

1.45

Boron in ( mg/l )

1.4
1.2

1.03

1.13

1.03

1.0
0.8
0.6
0.4
0.2
0.0
Fresh

Treated
Irrigation water
AL Mawasi Project - Khan Younis
Sheikh Ejleen Project - Gaza

Figure (4.1): Boron concentration in irrigation water from Sheikh Ejleen and Al
Mawasi
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The use of recycled wastewaters (RWW) to irrigate agronomic and horticultural
crops, as well as golf courses, parks and plants in ornamental landscapes, has gained
considerable interest over the years. One major driving force is the uncertainty of the
allocation and dependability of good quality water in the future as competition
among agricultural, urban, industrial, environmental, and recreational uses continues
to increase. Faced with less dependable supplies of good quality water, these users
now turn to recycled waters as a valuable alternative and are continuing to develop
innovative plant and water management strategies to mitigate the adverse effects of
salt and specific-ion stresses.
Use of RWW has considerable potential as a sustained future-supply of
supplemental irrigation water, increasing dramatically in many arid and semi-arid
climates all over the world including China, the Middle East, Mediterranean
countries, Australia, North and South America and Africa.
In these same climates, Citrus spp. is a major crop and is a good candidate for RWW
since there is an adequate separation between the fruit above the ground and
irrigation water delivery systems at the soil surface. This reduces the chances of
pathological contamination but the inorganic water quality characteristics of the
treated wastewater could limit its potential for this salt and boron (B) sensitive crop.
But, as farmers have been approached about potentially transferring to RWW to
conserve precious water resources for urban, recreational and environmental users,
concerns have been raised about using that water because it contains higher
concentrations of B and salts than the water sources traditionally used.
Research suggests that certain elevated concentrations of B can injure trees, impact
fruit production, and affect fruit quality. Although B is a required nutrient for crops,
there is a small con-centration range between that level which is considered adequate
or optimal for crop production and that considered toxic(Grieve et al., 2012)
Even though RWW increased tissue sodium (Na), chloride (Cl), and B levels above
that when conventional water was used, concentrations remained below toxic levels.
The success is largely attributed to well-drained soils and high annual rainfall in
Florida (>1200 mm). Both these factors promote adequate leaching. In southern
Florida, Citrus spp. was irrigated with RWW (0.31 mgB/L) for 11 years(Pereira, He,
Stoffella, & Melfi, 2011). Concentrations of B steadily increased in leaves over the
years at a rate of 4.6 mg B/kg dry weigh per year even though leaf concentrations
remained far below toxic levels. However, at this rate of accumulation, leaf B
concentrations would exceed 200 mg B/kg (approaching the potentially toxic zone)
after 30 years. Salinity and B in the recycled water, however, can limit its long-term
potential for reuse.
In Murcia, Spain, B (0.8 and 1.4 mg/L) and Cl (170 and 221 mg/L) were limiting
constituents for the long-term use of municipal wastewater for irrigation of
lemon(Francisco Pedrero & Alarcón, 2009). In another study in Murcia with
mandarins(F Pedrero, Mounzer, Alarcón, Bayona, & Nicolás, 2013), trees were
irrigated with RWW containing 0.6–0.9 mg B/L and had an electrical conductivity
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(EC) of 3 dS/m. Even though tissue levels were kept below toxic levels, leaf B concentration increased by 75% in just 2 years. Boron concentrations also increased in
Citrus spp. leaves in orchards irrigated with RWW in southern Spain after 3 years but
remained below toxic levels due to the short duration of the study (Reboll et al.,
2000). These studies suggest that B, salinity, and Cl can limit the long-term
feasibility of using RWW to irrigate Citrus spp.
The problem of high boron concentration was observed for the first time in Israel
after installing a seawater reverse osmosis (SWRO) plant in Eilat, Israel, in 1997.
Farmers using post-treated product water for irrigation noticed poisoning of crops
and partly discolored leaves. Later, boron was identified as the toxic element
responsible for these effects. Since then, several post-treatment methods have been
investigated for boron removal in SWRO desalination(Fritzmann, Löwenberg,
Wintgens, & Melin, 2007) .

4.2 Boron concentration in the soil irrigated with different water
sources:
4.2.1Soil analysis in Skeikh Ejleen location :
Samples from different depths 0-30 and 30-60 cm were collected from Sheikh Ejleen
site where the soil is classified as clay soil, the results were as in (Table 4.2) :
Table (4.2): Boron concentration in soil layers in Skeikh Ejleen location

Sample

sample
weight
(gram)

Irrigation
water

Soil layer
Depth

ICP extract
B reading
(mg/l)

B*
mg/kg(soil)

1s

20.51169

Fresh

0-30 cm

0.155

0.378

4s

20.55592

Treated

0-30 cm

0.325

0.791

3s

20.08365

Fresh

30-60 cm

0.293

0.729

5s

20.10521

Treated

30-60 cm

0.316

0.786

* B(mg/kg) Soil = ICP extract B reading x (50/ weight of soil used)
The dilution factor of (50/ weight of soil used) is the volume of deionized water
added divided by the weight of soil used.

As shown in Figure 4.2, the top layer 0-30 which irrigated with fresh groundwater
has lower concentration than the lower layer 30-60 cm, Boron concentration
accounted for 0.38 and 0.73 mg/ kg soil respectively. Both layers has the same Boron
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concentration 0.79 mg/kg soil in the soil irrigated by treated effluent. And all values
were below toxic level 2mg B/kg .
1.0

Boron in ( mg/kg )soil

0.79

0.73

0.8

0.79

0.6
0.4

0.38

0.2
0.0
Fresh

Treated
Irrigation water

0-30 cm
30-60 cm

Figure (4.2): Boron concentration in the soil layers 0-30 and 30-60 cm in Sheikh
Ejleen site irrigated by fresh groundwater and treated effluent.

4.2.2Soil analysis in Al Mawasi location :
In Al Mawasi location where the soil is classified as sandy soil, the results were as
shown in Table 4.3 :
Table (4.3): Boron concentration in soil layers in Al Mawasi location

Sample

sample
weight
(gram)

Irrigation
water

Soil
Profile
Depth

ICP
extract B
reading
(mg/l)

B*
mg/kg(soil)

8s

20.70196

Fresh

0-30 cm

0.216

0.522

6s

20.90701

Treated

0-30 cm

0.223

0.533

2s

20.46

Fresh

30-60 cm

0.121

0.296

7s

5.01584

Treated

30-60 cm

0.395

3.938

As shown in Figure 4.3, The accumulation of Boron in the soil irrigated by fresh
groundwater is nearly 0.52 and 0.3 mg B/kg soil in the top 0-30 layer and the lower
layer 30-60 cm, respectively. Even though the Boron concentration in the same soil
irrigated by treated effluent has 0.5 mg B/kg soil in the top layer, the lower layer
showed higher concentration reach to 3.9 mg B/kg soil. The soil type has great
influence in retain Born in the soil. The sandy soil leached Boron to the lower layers
in Al Mawasi location while this was not seen in Sheikh Ejleen location.
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4.5

3.94

4.0
Boron in soil ( mg B/kg )

3.5
3.0
2.5
2.0
1.5
1.0

0.52

0.5

0.53

0.30

0.0
Fresh

Irrigation water

Treated

(0-30) cm
(30-60) cm

Figure (4.3): Boron concentration in the soil layers 0-30 and 30-60 cm in
Al-Mawasi site irrigated by fresh groundwater and treated effluent.
As shown in Figure 4.4, Boron concentration in both soil layer at Sheikh Ejleen
location which irrigated by treated effluent are the same 0.78 mg/ kg soil. While the
top layer 0-30 cm at Al Mawasi location which irrigated by treated effluent is much
lower than the deep layer 30-60 cm and accounted for 0.5 and 3.9 mg/ kg soil. The
concentration of Boron in different layers at both locations irrigated by fresh water
has not significant differences.
4.5

3.94

Boron ( mg/Kg soil )

4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5

0.73
0.38

0.79 0.79

0.52

0.30

0.53

0.0
Fresh Shiekh Ejleen

Treated Shiekh
Fresh Al Mawasi
Ejleen
The Place of measuring

Treated Al Mawasi
soil profile (0-30)cm
soil profile (30-60)cm

Figure (4.4): Boron concentration of the soil layers in both locations irrigated by
fresh and treated effluent.
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4.3 Boron concentration in the leaves of plants irrigated with
different water sources
4.3.1Lemon leaves analysis in Skeikh Ejleen location :
Table (4.4): Boron concentration in lemon's leaves in Skeikh Ejleen location
sample weight
(gram)

Irrigation
water

ICP extract
B reading
(mg/l)

B*
mg/kg(soil)

2P

5.07581

Fresh

22.3

219.64

6P

5.03817

Treated

26.91

267.08

Sample

As shown in Figure 4.5 Boron concentration in the leaves of Lemon from Skeikh
Ejleen accounted for 219.64 and 267.08 mg B/ kg dry matter irrigated by fresh and
treated effluent, respectively.

Boron in ( mg B/kg) dry matter

300
250

267.08
219.64

200
150
100
50
0
Fresh

Treated
Irrigation water

Figure (4.5): Boron concentration in the leaves of Lemon irrigated by fresh and
treated effluent at Sheikh Ejleen location.
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4.3.2Lemon leaves analysis in Al Mawasi location:
Table (4.5): Boron concentration in lemon's leaves in Al Mawasi location
sample weight
(gram)

Irrigation
water

ICP extract
B reading
(mg/l)

B*
mg/kg(soil)

1P

4.29116

Fresh

3.944

45.95

4P

3.09087

Treated

6.435

104.10

Sample

As shown in Figure 4.6 lower concentration is detected from Al Mawasi location for
the same plants. Boron concentration in the leaves of Lemon in Al Mawasi irrigated
by fresh and treated effluent accounted for 45.9 and 104 mg/kg dry matter,
respectively.

Boron in ( mg B/kg) dry matter

120

104.10
100
80
60

45.95

40
20
0

Fresh

Treated

Irrigation water
Figure (4.6): Boron concentration in the leaves of Lemon irrigated by fresh and
treated effluent at Al Mawasi location.
We can note that the Boron uptake differs based on the type of the crop and the
availability in the soil. Boron concentration in the leaves of Lemon in Skeikh Ejleen
location showed higher than from Al Mawasi location.
As shown in Figure 4.7, the Boron concentration in the leaves of Lemon in Sheikh
Ejleen location is higher in both type of irrigation water than that concentration in Al
Mawasi location. The difference in the concentration refers to the different soil
texture, the soil in Al-Mawasi is sandy soil where leaching of Boron to deep soil
layers is tested in comparison to Sheikh Ejleen location as shown in Figure 4.8.
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Boron in ( mg B/kg) dry matter

300

267.08

250

219.64

200
150

104.10
100
50

45.95

0
Fresh

Irrigation water

Treated

AL Mawasi Project - Khan Younis
Sheikh Ejleen Project - Gaza

Figure (4.7): Comparison between Boron concentration in the leaves of Lemon
irrigated by fresh and treated effluent at Sheikh Ejleen and Al Mawasi location.

Boron in ( mg/kg) dry matter

4.5

3.94

4.0
3.5
3.0
2.5
2.0
1.5
1.0

0.53

0.79

0.79

0.5
0.0
(0-30)cm

Soil layer Depth

(30-60)cm

AL Mawasi Project - Khan Younis
Sheikh Ejleen Project - Gaza

Figure (4.8): Comparison between Boron concentration in soil layers irrigated
by treated effluent at Sheikh Ejleen and Al Mawasi location.
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4.3.3Guava leaves analysis in Al Mawasi location:
Table (4.6): Boron concentration in Guava leaves in Al Mawasi location
sample weight
(gram)

Irrigation
water

ICP extract
B reading
(mg/l)

B*
mg/kg(soil)

3P

2.03552

Fresh

1.088

26.73

5P

4.2536

Treated

4.017

47.22

Sample

As shown in (Figure 4.9) , Boron concentration in the leaves of Guava is accounted
for 26.7 and 47.2 mg/kg dry matter in Guava irrigated by fresh and treated effluent at
Al Mawasi location, respectively. The higher Boron concentration of Guava leaves
irrigated by effluent wastewater than the fresh water is due to the high Boron
concentration in the soil irrigated by treated effluent. It is also the amount of
irrigation water. Guava irrigated by treated effluent received more irrigation periods
than the one with fresh water, the farm irrigated by treated effluent has higher
irrigation amount due to the availability of treated effluent.
We can note that the lemon trees are more sensitive than Guava to boron, and this is
clear in accumulation in leaves of lemon and Guava that are accounted for 104.1 and
47.2 mg/kg dry matter respectively, although the soil and the irrigation water ware
same in two crops.

50

47.22

Boron in ( mg/kg) dry matter

45
40
35
30

26.73

25
20
15
10
5
0

Fresh

Irrigation water

Treated

Figure (4.9): Boron concentration in the leaves of Guava irrigated by fresh and
treated effluent at Al Mawasi location.
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In general Boron concentration in plants irrigated by treated effluent has higher
concentration the irrigated by fresh water but it is far down toxicity threshold in most
cases. However, there is a danger for reaching toxicity threshold in the case of long
term irrigation for citrus in clay soil because of high accumulation of boron in leaves
(267 mg B/kg ) that exceeded the toxicity threshold (250-260 mg B/kg ) in citrus .
As shown in Figure 4.10 Lemon irrigated by fresh water and treated effluent at Al
Mawasi location accounted for 45.9 and 104.1 mg/ kg dry mater while it accounted
for 219.6 and 267.1 mg/kg dry mater at Sheikh Ejleen location, respectively. Guava
irrigated with treated effluent has higher concentration 47.2 mg/ kg dry mater than
the one irrigated by fresh water 26.7 mg/kg dry matter at Al Mawasi location.
boron ( mg B/kg ) plant Dry matter

300

267.08

250

219.64

200
150
104.10
100
50

47.22

45.95
26.73

0
Lemon Al Mawas

Lemon Shiek Ejleen
The crop Site

Jawafa Al Mawasi
Fresh
Treated

Figure (4.10): Comparison between Boron concentration of the plant leaves at
both location irrigated by fresh and effluent wastewater.
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4.4 pH and Boron availability in the soil :
The high Boron concentration in the leaves of citrus at Sheikh Ejleen location in
comparison with the leaves Boron concentration at Al Mawasi location is due to the
variation of the soil pH at both sites. As shown in Figure 4.11, the soil pH is 8.18 at
Sheikh Ejleen location while the soil pH at Al Mawasi location 7.8. In both location
the application of treated effluent increased the pH more than the treatments irrigated
by fresh water. Boron bioavailability is reduced at moderately high pH values of 7.58.5. The probability of boron deficiency due to high pH may be partially offset by the
excess of boron present in recycled water.
8.4
8.2
8

8.168.18

8.02

7.94

7.87

7.81

pH

7.8

7.57

7.6

7.4
7.4
7.2
7
Fresh Shiekh
Ejleen

Treated Shiekh Fresh Al Mawasi
Ejleen

The Place of measuring

Treated Al
Mawasi
soil profile (0-30)cm
soil profile (30-60)cm

Figure (4.11): pH values of soil layers at both locations irrigated by fresh and
treated effluent.

4.5 EC in the soil :
The use of treated effluent hasn't changed the soil salinity, both treatments fresh and
treated effluent has close values of soil salinity. As shown in Figure 4.12. Both soil
layers at Sheikh Ejleen location irrigated by fresh groundwater and treated effluent
have EC ranges from 149 to 177 microsemens. While at Al Mawasi location the EC
values differs considerably between fresh and treated effluent treatments, the fresh
water has higher salinity than the treated effluent. The top layer EC equals 451, while
the lower layer has 1056 microsemens for Al Mawasi location which irrigated by
fresh water. Leaching of salts is emphasized in the sandy soil by the increased soil
salinity at lower layers, while this was not clear at Sheikh Ejleen location where the
soil is classified as clay soil.
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Figure (4.12):The EC values of top 0-30 cm layer and 0-60 cm layer at both
locations, Al Mawasi and Sheikh Ejleen irrigated by fresh and treated effluent.
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4.6 Comparison between the research results and previous case
studies around the world :
4.6.1Murcia, southeastern Spain ( Lemon) :
Two experimental plots irrigated with two different treated wastewater effluents for
lemon trees irrigation were compared. The experimental sites were located in
Murcia, southeastern Spain (Francisco Pedrero & Alarcón, 2009). The first
experimental plot was located in Cartagena, where the treated wastewater had
received a secondary treatment and the second experimental plot was located in
Campotejar where the water used was a mix of well water and wastewater from a
tertiary treatment plant. The soil was classified as silty loam in Cartagena and silty
clay in Campotejar. The average annual precipitation ranged between 200 and 300
mm.
The Boron concentration in the irrigated water in Cartagena is 1.39 mg/l leading to
accumulation of Boron in the soil of 259 ppm soil (samples were taken from 0 to 20
cm depth) while the soil B concentration before the irrigation was 206 ppm soil. And
in the leaves B concentration of citrus is 54.9 ppm while it was 42.9 ppm before the
irrigation .
On the other hand the Boron concentration in the irrigated water in Campotejar is
0.84 mg/l leading to accumulation of Boron in the soil of 134 ppm soil(samples were
taken from 0 to 20 cm depth) while the soil B concentration before the irrigation was
59 ppm, it was noticed that soil B concentrations exceed the recommended range in
Cartagena soil after irrigation with reclaimed water. And in the leaves B
concentration of citrus is 30.5 ppm while it was 27.1 ppm dry matter before the
irrigation .
Most of the analyzed elements in Cartagena´s experement showed a higher
concentration than in Campotejar.This fact results in large part from Campotejar‟s
use of 50% well water mixed with ther eclaimed wastewater.
The high salinity and B concentration were the main problems associated with
treated wastewater used in experiments. Although leaf toxicity levels were not
observed, salt accumulation can be a decisive problem for citrus crops in long term
irrigation.
By comparison this experiment with our study, we can note the same manner for soil
and leaves boron concentration, if we consider the results of this experiment before
the irrigation as the irrigation with fresh water in our experiment, and the Campotejar
as Shiekh-Ejleen because the soil in the two areas is clay, as in following :
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Figure (4.13): Boron concentrations compression between the results of
research with the results of the experimental study were done in Murcia, Spain .
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4.6.2 California, USA ( Avocado ) :
A field experiment was done by Jenessa A. Stemke from University of California,
that compared the performance of young avocado trees that were irrigated either with
potable water relatively low in salinity or with tertiary-treated wastewater among
three years from 2013 to 2016. This wastewater contained both elevated salt
concentrations as total dissolved salts (TDS) and higher concentrations of potentially
toxic elements, including chloride, sodium, and boron (0.336 mg/l) while it was
(0.13mg/l) in potable water. The site that was selected for this study has
predominantly sandy loam soil with good drainage and the trees used for the
experiment were clonal trees with Hass avocado scions grafted and the irrigation
(Stemke, 2016).
Leaf samples were collected annually in the Fall for tissue analyses, the soil water
and salinity status were monitored. There is no sign of boron accumulating over time
in trees irrigated with recycled water where it was at average 52ppm while it was
43ppm in potable water irrigation, however it may take several years before boron
concentration in the soil reaches a point where leaf tissue could be affected.
After 3 years of irrigation the soil Boron concentration reach to 3.7 mg/Kg soil. High
nitrogen levels reduce chloride and boron assimilation. Nitrogen fertilization is
sometimes strategically used as mitigation for irrigation with waters high in boron
and/or chloride.
Results of this study showed that recycled water may be used for avocado irrigation,
but that irrigation management becomes critical to prevent detrimental effects of soil
salinization on tree growth.
Another application of treated waste water reuse was in Witman Ranch, Ramona,
California, USA. A few avocado orchards are currently irrigated with treated
municipal wastewater for twenty years since 1996 with Boron concentration of 0.4
mg/l, leading to accumulation in the leaves of 111 mg/kg dry matter, while the
normal range should range from 40- 80 mg/kg dry matter. This is particularly critical
for soils with high clay content, shallow hardpans, or poor drainage. Leaf tissue
analyses suggest the trees are in remarkable health, and the trees show negligible
signs of salt burn on leaf tissue. However, boron and chloride concentrations in the
leaf are potential cause for concern(Stemke, 2016).
With the comparison with our results we can conclude that the boron concentration
in soils and leaves become higher when treated wastewater were used to irrigate
crops so caution should be used in treated waste water reuse to avoid toxicity
especially in the case of irrigation sensitive crops as citrus and avocado .
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5 Chapter 5: Conclusions and Recommendations
5.1 Conclusions :
This research was conducted to assess the risk of boron concentration due to the long
term reuse of treated effluent in irrigation in two different soil textures in the Gaza
Strip, the first was in Shiekh Ejleen location where the soil is classified as clay , and
the second was in Al Mawasi location where the soil is classified as sandy, and each
of these locations was divided to two types of irrigation the first irrigated with fresh
ground water and the second irrigated with treated wastewater.
The assessment were done by measuring the boron concentrations in irrigation water
and the corresponding accumulation in soil and leaves of lemon and Guava in every
farms as stated above, the followings can be concluded:












The fresh groundwater in Sheikh Ejleen location has higher Boron
concentration than the treated effluent from the same location. The treated
effluent and the water from recovery wells have higher Boron concentration
from Al Mawasi location and accounted for 1.56 and 1.45 mg/l, respectively.
The fresh water in Al Mawasi has lower concentration of Boron than the
fresh water from Sheikh Ejleen accounted for 1.03 and 1.13 respectively. In
contrast, the treated effluent from Al Mawasi is higher than Sheikh Ejleen
and accounted for 1.45 and 1.03 mg/l.
The boron concentration in fresh ground water in Sheikh Ejleen and Al
Mawasi accounted for 1.13 and 1.03 respectively, are higher than upper limits
of drinking water regulations in Israel and the European Union (EU) (1mg/l)
and recommended by the World Health Organization the values(0.5 mf/l).
and also higher than the recommended concentrations to irrigate many
sensitive crops as citrus and avocado.
The soil type has great influence in retain Born in the soil. The sandy soil
leached Boron to the lower layers in Al Mawasi location while this was not
seen in Sheikh Ejleen location , and sandy soil thus less likely to accumulate
to toxic concentrations so the concentration of boron in lemon Sheikh Ejleen
location reached to 267 mg/kg dry weight, exceeded the recommended values
250 mg/kg dry weight.
Boron concentration in both soil layer at Sheikh Ejleen location which
irrigated by treated effluent are the same 0.78 mg/ kg soil. While the top layer
0-30 cm at Al Mawasi location which irrigated by treated effluent is much
lower than the deep layer 30-60 cm and accounted for 0.5 and 3.9 mg/ kg
soil. The concentration of Boron in different layers at both locations irrigated
by fresh water has not significant differences.
We can conclude that the boron uptake differs based on the type of the crop
and the availability in the soil. Boron concentration in the leaves of Lemon in
Skeikh Ejleen location showed higher than from Al Mawasi location.
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The boron concentration in the leaves of Lemon in Sheikh Ejleen location is
higher in both type of irrigation water than that concentration in Al Mawasi
location. The difference in the concentration refers to the different soil
texture, the soil in Al-Mawasi is sandy soil where leaching of boron to deep
soil layers is tested in comparison to Sheikh Ejleen location
In general Boron concentration in plants irrigated by treated effluent has
higher concentration the irrigated by fresh water but it is far down toxicity
threshold in most cases. However, there is a danger for reaching toxicity
threshold in the case of long term irrigation for citrus in clay soil because of
high accumulation of boron in leaves (267 mg B/kg ) that exceeded the
toxicity threshold (250-260 mg B/kg ) in citrus .
In both location the application of treated effluent increased the pH more than
the treatments irrigated by fresh water. Boron bioavailability is reduced at
moderately high pH values of 7.5-8.5. The probability of boron deficiency
due to high pH may be partially offset by the excess of boron present in
recycled water.
Recycled water tends to have a higher mineral content, which elevates soil
pH.
Leaching of salts is emphasized in the sandy soil by the increased soil salinity
at lower layers, while this was not clear at Sheikh Ejleen location where the
soil is classified as clay soil.
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5.2 Recommendations :














More pilot projects and studies should be established with restricted
characteristics for treated wastewater and monitoring all soil and crops
factors variations .This experimental studies should be with corporation
between civil engineering and environmental departments and agencies to
make clearer feasibility for treated waste water reuse in Gaza Strip.
Caution should be used when irrigating soils containing clay with recycled
water, and boron content of the soil and leaves should be analyzed
periodically to determine if boron levels are reaching dangerous levels.
The results of study illustrate that there is no danger effects for treated waste
water reuse for citrus irrigation, but irrigation management should be taken in
consideration to prevent the expected effects of ions accumulation in soils
and crops that affect the health and productions especially in clay soils
cultivated with sensitive crops to boron .
Wastewater typically has higher concentrations of boron due to residential
use of laundry and dish detergents containing boron. Caution should be
exercised to avoid boron toxicity.
The installation of the RO system in waste water treatment stations may be
cheaper than spending high costs of installation second RO system and ion
exchange unit for more removal of boron in desalination plants, because the
huge volume to be desalinated is less than the volume of wastewater to be
treated, because the recommended value for drinking water is 2.4mg/l and the
first stage can remove boron to 1.8 mg/l , and second RO used to remove
boron to 0.7 mg/l, then ion exchange unit remove boron to 0.12 mg/l (as in
both the Deir El-Balah Seawater Desalination Plant (DSWDP) and Gaza
Power Station Seawater Desalination Plant (GPS-SWDP ) .
Mixing treated wastewater that contains high concentrations of boron with
groundwater in irrigation will reduce the boron concentrations in soils and
crops.
Increase pH of the soil to more than 8 by adding lime as this could hinder the
plant's absorption of boron dramatically.
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Appendix I :
The laboratory results

I

II

III

IV

V

VI

VII

VIII

IX

X

XI

XII

XIII

XIV

XV

XVI

XVII

XVIII

XIX

XX

