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ABSTRACT 
This study investigates the efficacy of sand coated with calcium / aluminum (Ca/Al)-layered double 

hydroxide (LDH) in the elimination of methyl orange dye from simulated groundwater using method 

of permeable reactive barrier. For green (sustainable) manufacturing of this sand, aluminum 

prepared from dissolution of alum (cheap coagulant) can be interacted chemically with calcium 

extracted from cement kiln dust byproduct to create nanoparticles of Ca and Al that precipitate on the 

filter sand. Sorption measurements for interaction of methyl orange dye and coated sand was well 

formulated by Langmuir model with highest value of correlation (determination coefficient= 0.999) 

and lowest errors (sum of squared errors= 0.0122). Also, the maximum capacity of adsorption was 

valued of 0.9453 mg/g and the sorption curve can classify as “favorable” type. According to desorption 

measurements, little percentage of dye (0.91%) can desorb from exhausted coated sand through 

washing with water due to strength of bonding between sorbent and dye molecules. Also, the 

exhausted sorbent can regenerate with efficiency not less than 85% after eight of regeneration cycles. 

Finally, measurements of breakthrough curves in the continuous mode operation using column setup 

proved that the propagation of dye front (and consequently the longevity of barrier) would increase 

significantly with thicker barrier and lowest values of influent concentration and flow rate. COMSOL 

(computer solution) package can use effectively in the simulation of these curves.          

Key words: solute transport; methyl orange dye; alum; nanoparticles; cement kiln dust; permeable 

reactive barrier. 
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 إستعمال رمل مطلي مبتكر كقاعدة تفاعلية في حاجز نفاذ لإزالة صبغة الميثيل البرتقالية من المياه الجوفية
 أياد عبد الحمزة فيصل2أحمد حميد شهاب                            1

أستاذ                                 باحث               
 جامعة بغداد -كلية الهندسة  -قسم الهندسة البيئية  2،وزارة الموارد المائية -دائرة التخطيط والمتابعة -قسم السياسات البيئية1

 المستخلص
من  ةالبرتقالي الميثيلصبغة  إزالة( في Ca/Alالكالسيوم/الألومنيوم ) ( (LDHيدطبقة مزدوجة من هيدروكسهذه الدراسة فعالية الرمل المطلي ب تحرىت

تفاعل الألمنيوم المحضر من إذابة الشب من ، (مستدام)أخضر  تصنيع هذا الرمل بشكل ذ.اباستخدام طريقة الحاجز التفاعلي النف مصنعةمياه جوفية 
الأسمنت لتكوين جزيئات نانوية من الكالسيوم والألومنيوم تترسب  فرنمن المنتج الثانوي لغبار  لص)مادة تخثر رخيصة( كيميائيًا مع الكالسيوم المستخ

مع أعلى  Langmuirوالرمل المطلي بشكل جيد بواسطة نموذج  البرتقالية الميثيلتمت صياغة قياسات الامتصاص لتفاعل صبغة  رمل المرشح.العلى 
 0.9453أيضًا ، قدرت السعة القصوى للامتصاص بـ  (.0.0122أدنى خطأ )مجموع الأخطاء التربيعية = ( و 0.999قيمة للارتباط )معامل التحديد = 

٪( من الرمال 0.91نسبة قليلة من الصبغة ) زالةإ، يمكن  الإزالةنه نوع "مفضل". وفقًا لقياسات إويمكن تصنيف منحنى الامتصاص على   غرام م/لغم
ة ذأيضًا ، يمكن أن تتجدد المادة الماصة المستنف ة من خلال الغسل بالماء بسبب قوة الترابط بين جزيئات المادة الماصة والصبغة.ذالمطلية المستنف

العمود أن انتشار  نظام٪ بعد ثماني دورات تجديد. أخيرًا ، أثبتت قياسات منحنيات الاختراق في عملية الوضع المستمر باستخدام 85بكفاءة لا تقل عن 
تخدام حزمة جبهة الصبغة )وبالتالي طول عمر الحاجز( سيزداد بشكل كبير مع وجود حاجز أكثر سمكًا وأدنى قيم للتركيز المؤثر ومعدل التدفق. يمكن اس

COMSOL حل الكمبيوتر( بشكل فعال في محاكاة هذه المنحنيات( . 
  .حاجز تفاعلي نفاذ؛ غبار فرن الأسمنت؛ الجسيمات النانوية؛ الشب ؛البرتقالية صبغة الميثيل ؛نقل المذابالكلمات المفتاحية: 

 *جزأ من أطروحة الدكتوراه للباحث الاول.
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INTRODUCTION 

The contamination of surface and subsurface 

water resources with different types of 

chemicals especially the dyes are an 

undeniable issue (5) . The textile industry is 

the prime source for pollution of water bodies 

especially the records of “World Bank” proved 

that 20% of global water contamination results 

from the textiles dyeing and treatment. The 

dyeing steps require to utilize different 

reagents which are rich with chemical 

compounds; so, these industrial processes can 

consider unfriendly for environment (25) . 

Dyes in water can absorb light, decrease the 

water transparency, consume the oxygen 

dissolved in water, cause hypoxia in water 

body, affect the growth of aquatic organisms, 

damage the self-purification, and cause visual 

contamination (2, 3, 30). Methyl orange is a 

mutagenic dye which has slight water 

solubility. At pH > 4.4, its color is yellow and 

it changes to red at pH < 4.4; hence, this dye 

can use as an indicator. Methyl orange is also 

utilized extensively in textile industry. It forms 

type of azo dyes that have high resistance to 

biodegradability. Thus, this dye is utilized as a 

model for investigation the cleanup of 

environment (31). The continuous up-to-date 

for methods of remediation must be conducted 

to control of this contamination. The 

traditional technique used historically for 

restoration of groundwater is “pump and 

treat”; unfortunately, many studies proved that 

the efficacy of this technique can decrease 

drastically in the long period time. This 

method requires the pumping of groundwater 

to the surface of ground to treat it by popular 

methods like ion exchange, flotation, 

adsorption, and others. Then, treated water can 

re-inject to the subsurface system, blending 

with surface water or can dispose to sewer 

system. An alternatively for this method, 

permeable reactive barrier (PRB) was 

developed as promising technique for 

reclamation of groundwater. The PRB depends 

on the construction of trench perpendicular on 

the groundwater pathway which must be filled 

with reactive material to pass of water and 

trapping of contaminant(4) .The choosing the 

proper substance for PRB is the critical step 

because it must have two important 

characteristic specifically acceptable 

permeability and high reactivity. Also, this 

substance should be compatible with ambient 

aquifer, not lead to byproducts when interact 

with plume of chemicals, and not will be 

source for chemical itself (23) . Various 

reactive materials like activated carbon, 

magnetic porous polymers, natural biosorbent, 

and nanofibrous sorbents have been used to 

remove of dyes (25, 26, 27, 29). Previous 

studies certified that there are many drawbacks 

(related with cost and capacity of sorption) in 

the application of these sorbents in the 

treatment of water contained dyes. Thus, the 

production of more effective sorbents with 

high durability and acceptable cost is the aim 

of recent studies. In this direction, the 

synthesis of Layered Double Hydroxides 

(LDHs) was taken appreciable attention 

especially in the field of environment. The 

synthesis process is simple and inexpensive in 

the laboratory and industrial scales. The LDHs 

are attractive as reactive medium for a wide 

number of anions (15) , cations (19),  

radionuclides (6),  and dyes (3). LDHs can 

remove wide range of chemicals through 

exchange with inter-layer anions as proved by 

many researches. Mg/Fe and Ni/Fe LDHs, 

with molar ratio (M
2+

/Fe
3+

) = 3 and 

synthesized by co-precipitation, was utilized to 

remove of malachite green, methyl orange, and 

methylene blue from wastewater.  Pseudo-

second order is well described the 

sorption data and thermodynamic analysis 

signified that sorption of this dye was 

spontaneous, exothermic for anionic dye and 

endothermic for cationic ones (10) . This work 

aims to produce of novel sorbent named “sand 

coated with (Ca/Al)-LDH” from precipitation 

of aluminum and calcium onto filter sand. This 

sorbent was tested to evaluate its capability in 

the treatment of simulated wastewater 

contained of methyl orange dye.  

MATERIALS AND METHODS  

Contaminant: This work was chosen the 

methyl orange dye (supplied from HIMEDIA 

company – India) to contaminate the water. At 

room temperature, specific mass of this dye 

was thoroughly mixed with 1 L distilled water 

to get stock solution contaminated with 1000 

mg/L initial concentration (Co) of methyl 

orange dye; however, water samples with 

certain concentration can obtain by diluting of 

https://www.sciencedirect.com/topics/materials-science/coprecipitation
https://www.sciencedirect.com/topics/materials-science/kinetic-order
https://www.sciencedirect.com/topics/materials-science/adsorption-kinetics
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this solution. The acidity of samples can 

modify by addition drops of 1 M hydrochloric 

acid or sodium hydroxide. 

Sorbent 

Filter sand, used extensively in the water 

supply unit, was chosen as solid matrix. This 

sand must to wash and sieve it where particles 

sizes ranged from 0.6 to 1 mm were selected. 

The porosity of sand was 0.45 while its 

specific gravity of 1.363. The filter sand is low 

reactive towards the contaminants; so, the 

convert it to reactive material can be 

investigated. Nanoparticles of calcium-

extracted from Cement Kiln Dust (CKD)-and 

aluminum (from alum) are precipitated 

together on the surface of filter sand to 

generate new functional groups and binding 

sites by adopting the same procedure of 

manufacturing mentioned in previous work 

(12) . The CKD supplied from Kirkuk Cement 

Factory and its specific gravity was equal to 

2.77 as measured by American Society for 

Testing and Materials(ASTM C188-95). 

Batch tests 

Two sets of batch tests must be conducted as 

follows: 

The first set is required to manufacture of 

“sand coated with (Ca/Al)-LDH”. The 

manufacturing process requires to extract of 

calcium from 1 g CKD dissolved in 100 mL 

with presence of 1.5 mL HCl. This calcium is 

added to aluminum produced from dissolution 

of alum with molar ratio of 2 and the solution 

must be precipitated on the 1 g/ 100 mL sand. 

However, more details about the preparation 

procedure and operation conditions are 

mentioned in the previous study of the present 

authors (12). The second set is required to find 

the best isotherm for sorption measurements 

due to interaction of methyl orange dye-

aqueous solution with coated sand. The 

specified model for sorption isotherm is 

utilized to find the term of reaction in the 

solute migration along the packed bed. These 

tests have conducted in set of 250 mL flasks 

and 50 mL of solution (V) contained of 50 

mg/L Co of dye at initial pH 5 was distributed 

to each flask. Then, 0.4 g of the coated sand 

(m) should be added; however, flasks must 

agitate at 200 rpm for 2 h and concentration at 

equilibrium state (Ce) must determine UV 

spectrophotometer (Model UV T80, England). 

The sorbed dye on the solid particles (qe) 

calculates as follows:   

𝒒𝒆 = (𝑪𝒐 − 𝑪𝒆)
𝑽

𝒎
 (1) 

Continuous tests 

The one Perspex column, with ϕ= 2.5 cm and 

depth of 50 cm, is supplied with tubes, valves, 

flow meter, pump, constant head tank and 

storage tank to represent the experimental set-

up for investigating the transport of water 

contaminated with methyl orange dye in one 

dimension as shown in Figure 1. The column 

was filled with coated sand to evaluate its 

performance in the elimination of adopted dye 

from stream of contaminated water. At room 

temperature, the packed bed must be fed with 

distilled water in the upward direction from 

the bottom of column to ensure that all voids 

filled with water (i.e. reach to saturated state). 

Then, the wastewater, contained of dye, was 

pumped to the packed sorbent by application 

of 5, 10, or 15 mL/min at specific hydraulic 

gradient. Discharges of flow must be enough 

low to ensure that the Reynold’s number < 1-

10 for flow within packed bed (9) . The 

column is equipped with six ports designated 

as P1 (5 cm), P2 (10 cm), P3 (15 cm), P4 (20 

cm), P5 (25 cm) and P6 (30 cm). The 

monitoring of dye concentrations along the 

adopted column can achieve periodically by 

withdrawing water samples from mentioned 

ports. Also, the coefficient of permeability of 

the coated sand can calculate by Darcy’s law 

after measuring the accumulative volumes of 

effluent and hydraulic gradient. 
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Figure 1. Components and configuration of experimental set-up 

Models of sorption isotherms and 

breakthrough curves: The sorption data 

measured previously must be formulated 

mathematically to describe the relationship 

related between quantity of chemical sorbed 

onto coated sand (qe) and Ce. Popular 

expressions utilized frequently to represent 

this relationship are named “Freundlich” and 

“Langmuir” models; however, more 

information can be inserted below (1, 13, 15, 

16, 17) :  

1- Freundlich's model: has the following 

nonlinear formula: 

                    𝒒𝒆 = 𝑲𝒇𝑪𝒆
𝟏
𝒏⁄                        (2) 

where Kf and n are Freundlich constants. 

2- Langmuir model: had been derived by 

Irving Langmuir in 1916 and its nonlinear 

form can be written as follows: 

                    𝒒𝒆 =
𝒒𝒎𝒃𝑪𝒆

𝟏+𝒃𝑪𝒆
                          (3) 

where qm is the maximum adsorption capacity 

while b is the affinity between chemical and 

sorbent. 

The relationship plotted the variation between 

normalized concentration (C/Co) and residence 

time in the column setup described previously 

is known as “Advection-dispersion-reaction” 

or “solute transport” equation. This equation 

(Eq.4) is partial differential of first order with 

travel time (t) and second order with distance 

(z). For right hand side of this equation, the 

first term is referred to transport of chemical 

due to turbulent mixing and varied pathway 

(i.e. dispersion), the second term can represent 

the migration of chemical by pore water 

velocity (i.e. advection), and the last term from 

same side can represent of reaction occurred 

through chemical migration (i.e. sorption). 

This term can represent by isotherm model 

that must be incorporated with Eq.4 to find the 

spatial and temporal propagation of chemical 

front. However, the 1-D form of this equation 

will be as follows (13) :   

𝑫𝒛
𝝏𝟐𝑪

𝝏𝒛𝟐
− 𝑽𝒛

𝝏𝑪

𝝏𝒛
±

𝒓

𝒏
=

𝝏𝑪

𝝏𝒕
                     (4) 

where C is the chemical concentration (mg/L), 

Dz is the coefficient of dispersion (cm
2
/s), Vz is 

the seepagevelocity (cm/s), and n is the bed 

porosity. Eq.4 can solve by finite element 

numerical method using COMSOL 

multiphysics 3.5a (2008) software. 
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RESULTS AND DISCUSSION 

Sorption isotherms: The sorption 

measurements of methyl orange onto coated 

sand are fitted with nonlinear forms of 

sorption models and their constants have been 

listed in Table 1 (10,  21).  

Table 1. Constants of models for sorption of methyl orange dye onto coated sand 

Model Parameter                   Value 

Freundlich 

 

 

 

 

 

Langmuir 

KF (mg/g)(L/mg)
1/n       

0.350 

n                                  5.238 

R
2                                                

0.980 

SSE                             0.0763 

qmax (mg/g)                 0.9453 

b (L/mg)                     0.421 

R
2                                                

0.999 

SSE                             0.0122 

This table certifies that the Langmuir can 

formulate sorption data with more acceptable 

manner in comparison with Freundlich 

relationship where determination coefficient 

(R
2
) =0.999 and sum of squared errors (SSE)= 

0.0122; however, the concurrence between 

measurements and predications of isotherm 

models can illustrate in Figure 2. Separation 

parameter is equal to 
1

1+𝑏𝐶𝑜
 and it’s values 

were ranged from 0 to 1 which means that the 

sorption curves classify as favorable (24) . 

Table 1 signified that the value of highest 

adsorption capacity for interaction of coated 

sand and methyl orange dye is 0.945 mg/g 

while affinity constant of 0.421 L/mg. The 

Freundlich constants Kf and n were valued to 

be 0.35 (mg/g) (L/mg)1/n and 5.238 

respectively. 

 
Figure 2. Sorption isotherms simulated the 

interaction of methyl orange-coated sand 

Desorption kinetics 

The effectiveness and potential of sorbent can 

evaluate by the desorption characteristics. At 

pH=7 and speed=200 rpm, the coated sand 

was used in the elimination of methyl orange 

dye with Co of 50 mg/L from wastewater and 

the final concentrations have been recorded for 

duration of 2880 min as in Figure 3. It is 

obvious that final concentration will be 

remained around 2.564 mg/L after 30 min to 

obtain the efficiency of 94.8%. It is important 

to calculate the percentage of methyl orange 

dye that can desorb from exhausted coated 

sand through washing it by deionized water; 

however, results of desorption experiment can 

be observed in Figure 3. The analysis for final 

dye concentration proved that just 0.91% of 

dye can be liberated from exhausted sorbent 

for same duration of sorption process (i.e. 

2880 min)(8) . The strong bonding between 

the adopted dye and coated sand may be the 

reason for this low desorption percent; so, this 

sand can classify as dependable sorbent for 

removal of days.  

Recyclability 

Tests included of adsorption–desorption cycles 

to access the regeneration of coated sand 

loaded with methyl orange dye must be 

applied. The aqueous solution of 0.5 M HCl 

can be utilized for washing of exhausted 

sorbent during the process of regeneration to 

desorb the adopted dye. The regeneration 

efficiencies (or percentages of dyeremoval) for 

coated sand are determined for each recycle 

run as illustrated in Figure 4 under conditions 

of pH=7, Co=50 mg/L, contact time=1 

(equilibirum time is 1 h from batch experiment 

figure is not shown here), speed=200 rpm and 

dosage=5 g/50 mL. For eight cycles, specific 

reduction in the removal efficiencies can 

recognize for each recycle with maintaining on 

the percentage above 85%; however, the 

efficiencies are exceeded 94% after 4 cycles. 

The results documented that the coated sand 

can be effectively reusable and it is suitable 

candidate for sorption of present dye in the 

field applications (7) . 
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Figure 3. Desorption kinetics of methyl orange dye onto coated sand (Co =50 mg/L; dosage= 0.2 g; 

contact time =48 hrs; initial pH =7; speed=200 rpm; desorption reagent: deionized water). 

 
Figure 4. Efficiencies for removal of methyl orange from wastewater onto coated sand in the 

regeneration tests 

 

Propagation of methyl orange along coated 

sand: The experimental procedure mentioned 

in the previous study (29)  was applied to find 

the value of longitudinal dispersivity (αL) for 

coated sand used as reactive material in the 

column. The solution of Eq. 4 requires to 

determine Dz of coated sand and this can 

calculate from αL multiplying by pore velocity 

plus the molecular diffusion coefficient. This 

solution represents the variation of normalized 

concentration (C/Co) along the bed of present 

sorbent for different values of time. Column 

filling with virgin sand was the first 

continuous test applied in this study for 

time=140 h to find the sand reactivity in the 

removal of considered dye where discharge of 

flow 5 mL/min and influent concentration of 

50 mg/L port P6. Measurements of C/Co at P6 

demonstrated that the dye concentrations in the 

effluent water were varied around 47.2 mg/L 

during the test period and this proves the low 

reactivity of virgin sand. Breakthrough curves 

along column tests packed with “sand coated 

with (Ca/Al)-LDH” are measured and plotted 

in Figure 5 under different values of bed 

depths (from P1 to P6), flow rates and inlet 

dye concentration. For certain flow rate (i.e. 5 

mL/min), Figure 5 proves that the increase of 

inlet concentrations through the range from 50 

to 150 mg/L at fixed port will be associated 

with an obvious increase in the steepness of 

these curves; so, coated sand would be 

saturated with methyl orange in shorter time 

(21). Accordingly, the breakthrough and 

saturation points are corresponded to 5 and 
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90% of C/Co respectively for adopted bed and 

dye can appear quickly with high inlet 

concentrations. Figure 5 reported that the 

breakthrough time at P6 was 10 h for 50 mg/L 

influent concentration and 5 mL/min flow rate, 

this time can reduce to 5 and 3.84 h for 100 

and 150 mg/L respectively; however, the 

variation takes same trend for other ports. 

Figure 6 plots the breakthrough curves under 

the influence of water flow rate at all ports for 

50 mg/L influent concentration. It seems that 

the change of flow from 5 mL/min (Figure 

4(a)) to 10 and 15 mL/min (Figure 6) would 

enhance the appearance of dye front in shorter 

period; so, significant increase in the curves 

steepness can be observed because the dye 

leaves of packed bed before reaching to 

equilibrium (19) . This means that the effluent 

dye concentration is increased drastically 

causing the decrease in the time of 

breakthrough. For instance, the change of flow 

from 5 to 15 mL/min for 50 mg/L at P6 can 

associate with evidence reduction in the time 

of breakthrough from 10 to 3 h. 

 

 

 
Figure 5. Measured breakthrough curves in comparison with COMSOL outputs for 

migration of water contained methyl orange dye along coated sand for various inlet 

concentrations 
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Figure 6. Measured breakthrough curves in comparison with COMSOL outputs for 

migration of water contained methyl orange dye along coated sand for various flow rates 

Figures 5 and 6 certifies that the higher coated 

sand quantity can influence positively on the 

longevity of the barrier due to exist a clear 

delay in the appearance of dye front. So, the 

higher mass of coated sand in the column will 

give a good opportunity for dye molecules to 

sorb on the surfaces of solid particles and 

within their pores. The breakthrough time at 

P1 (5 cm) is 3 h for conditions of 5 mL/min 

and 50 mg/L; however,this time can increase 

to 10 h for P6 (30 cm). The solute transport 

equation was solved numerically as described 

previously using COMSOL package to 

simulate the continuous experimental tests. 

The outputs of this solution are plotted 

together with measurements of breakthrough 

curves as evidence in Figures 5 and 5 for 

mentioned depths under values of inlet 

concentrations and flow rates. Bulk density of 

1.371 g/cm
3
, dispersivity of 6.49 cm and 

porosity of 0.43 are input constants applied for 

numerical solution. This solution was 

implemented with zero concentration initial 

condition while other conditions have been 

taken fixed concentration at bottom boundary 

and advective flux at upper side. An obvious 

matching between outputs of solution and 

measurements with R
2
 > 0.98 can recognize. 

The values of permeability coefficient were 

approximately stabilized at 4.3×10
-1

 cm/s 

during the applied tests. The stabilization 

means that there is no blockage occurred in the 

pathways of moving water. 

Conclusions 

Reaction of calcium extracted from CKD 

byproduct and aluminum produced from 

cheapest coagulant (alum) dissolution leads to 

successful green synthesis of nanoparticles of 

Ca and Al. Precipitation of these particles on 

the filter sand produces efficient reactive 
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material that can able to remediate of the 

groundwater contaminated with methyl orange 

dye using PRB technique. Results signified 

that the sorption data can describe by 

“favorable curve” and Langmuir model is 

more representative for this curve with R
2
 of 

0.999 and SSE of 0.0122 where maximum 

adsorption capacity equal to 0.9453 mg/g and 

affinity constant of 0.421 L/mg. Desorption 

results for washing of exhausted coated sand 

with water proved that only 0.91% of dye can 

desorb and this reflects the strength of bonding 

between sorbent and sorbate. Also, the 

exhausted coated sand can be regenerated with 

efficiency not less than 85% after eight of 

regeneration cycles. The longevity 

(breakthrough time) of coated sand is 

proportional directly with sorbent quantity 

(bed depth) and inversely with influent 

concentration and discharge of flow. The 

package of COMSOL has a high capability for 

simulating of breakthrough curves with 

acceptable matching. 
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