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Introduction  

 

Brine is a solution of salt (usually sodium chloride) in water. In different contexts, brine 

may refer to salt solutions ranging from about 3.5% (a typical concentration of 

seawater, or the lower end of solutions used for brining foods) up to about 26% (a 

typical saturated solution, depending on temperature). Brine is a liquid. 0 °F was 

initially set as the zero point in the Fahrenheit temperature scale, as it was the coldest 

temperature that Daniel Gabriel Fahrenheit could reliably reproduce — by freezing 

brine. At 100 °C (373.65 K, 212 °F), saturated sodium chloride brine is about 28% salt 

by weight i.e. 39.12 g salt dissolves in 100 mL of water at 100 °C. At 0 °C (273.15 K, 

32 °F), brine can only hold about 26% salt. Brine is a common fluid used in large 

refrigeration installations for the transport of thermal energy from place to place. It is 

used because the addition of salt to water lowers the freezing temperature of the solution 

and the heat transport efficiency can be greatly enhanced for the comparatively low cost 

of the material. The lowest freezing point obtainable for NaCl brine is −21.1 °C 

(−6.0 °F) at 23.3wt% NaCl. This is called the eutectic point. [1,2]. 

 

According to many review papers [3], [4], [5], [6], [7] and [8] low-cost adsorbents offer 

a lot of promising benefits for commercial purposes in the future. They could be used in 

place of commercial activated carbon for the removal of dyes in aqueous solutions. 

 

Many industries, such as paper, plastics, food, printing, leather, cosmetics and textile, 

use dyes in order to color their products [1]. In textile industries about 10–15% of the 

dye gets lost in the effluent during the dyeing process which are harmful products and 

may cause cancer epidemics [2- 3]. Dyes usually have a synthetic origin and complex 

aromatic molecular structures which make them more stable and more difficult to 

biodegrade [1- 4]. The industrial runoffs are usually discarded into rivers and lakes, 

altering the biological stability of surrounding ecosystems [5]. Therefore, removal of 

dyestuffs from wastewater has received considerable attention over the past decades. 

        

http://en.wikipedia.org/wiki/Solution
http://en.wikipedia.org/wiki/Salt_%28chemistry%29
http://en.wikipedia.org/wiki/Sodium_chloride
http://en.wikipedia.org/wiki/Water
http://en.wikipedia.org/wiki/Brining
http://en.wikipedia.org/wiki/Saturation_%28chemistry%29
http://en.wikipedia.org/wiki/Fahrenheit
http://en.wikipedia.org/wiki/Daniel_Gabriel_Fahrenheit
http://en.wikipedia.org/wiki/Salt
http://en.wikipedia.org/wiki/Transport
http://en.wikipedia.org/wiki/Thermal_energy
http://en.wikipedia.org/wiki/Sodium_chloride
http://en.wikipedia.org/wiki/Eutectic
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In wastewater treatment, various methods applied to remove dyes include photocatalytic 

degradation [6], membrane separation [7], chemical oxidations [8] and electrochemical 

process. Among the above mentioned techniques of dye removal, the process of 

adsorption gives the best results as it can be used to remove different types of coloring 

materials [10]. 

 

Adsorption onto activated carbon is the most widespread technology for the removal of 

pollutants from water and wastewaters. The disadvantage of activated carbon is its high 

cost [11]. Hence, it is of pivotal importance thence of low-cost substitute absorbents to 

replace activated carbons. Various types of untreated biomass have been reported to 

have a use in dye removal: sawdust [9] and [11], wheat straw [12], cedar sawdust [13], 

rubberwood sawdust [14], kudzu [15], banana and orange peels [16] and palm kernel 

fiber [17, 11], peanut husk [4], palm kernel fibre [11], Turbinaria turbinate alga [12], 

graphene [13], defatted jojoba [14] and sugar bet pulp [15]. 

 

Further, numerous pretreated lignocellulosic materials are used to remove dyes in water 

and wastewater. Pyrolyzed date pits [16], date stones [17] and Turbinaria turbinate alga 

[12] have proved to be effective adsorbents.  Acid and alkali pretreated lignocellulosic 

materials (wheat straw, corncobs, barley husks, wood sawdust) were successfully used 

as adsorbents for a variety of dyes [18], [19] and [20]. Prehydrolysed (with dilute 

sulphuric acid aquatic solution at 100 °C) wheat straw [12] and beech sawdust [21] and 

chloride salts treated (at 100 °C) beech sawdust [9] and [11] has been proven to be 

effective for basic dyes adsorption in batch and fixed-bed systems. 

 

In this study continuous fixed-bed-column systems were investigated. The adsorbents 

which we use are: spruce (Picea Abies) untreated and spruce modified by brine 

treatment. The column systems were filed with biomass at various initial dye 

concentrations, flow rates and bed-depths. The column kinetics of Methylene Blue 

(MB) adsorption on spruce (Picea Abies) untreated, and spruce modified by brine 

treatment, was simulated herein, using biomass as control, in order to facilitate its 

potential use as a low cost adsorbent for wastewater dye removal. Economies arise 



 

5 

when the facility that can use such adsorption materials is near a source of a 

lignocellulosic waste as agricultural residues, thus saving transportation cost and 

contributing to industrial ecology at local level.  

 

2. Materials and Methods 
 

2.1. Materials 

 

In this study continuous fixed-bed-column systems were investigated. The adsorbents 

which we use are: spruce (Picea Abies) untreated, spruce modified by autohydrolysis. 

The column systems were filed with biomass at various initial dye concentrations, flow 

rates and bed-depths.The column kinetics of Methylene Blue (MB) adsorption on 

spruce (Picea Abies) untreated, spruce modified by autohydrolysis. Economies arise 

when the facility that can use such adsorption materials is near a source of a 

lignocellulosic waste as agricultural residues, thus saving transportation cost and 

contributing to Industrial Ecology at local level.  

 

2.2 Pretreatments  

 

The brine treatment process was performed in a 3.75-L batch reactor PARR 4843. The 

isothermal autohydrolysis time was tai = 0, 10, 20, 30, 40 and 50 min (not including the 

non-isothermal preheating and the cooling time-periods); the reaction was catalyzed by 

the organic acids produced by the pine sawdust itself during autohydrolysis at a liquid-

to-solid ratio of 10:1; the liquid phase volume (water) was 2000 mL and the solid 

material dose (pine sawdust) was 200 g; stirring speed 150 rpm. The reaction ending 

temperature values were T = 160 °C, 200 °C and 240 °C, reached after t = 42, 62 and 80 

min preheating time values, respectively. The autohydrolysis product was filtered using 

a Buchner filter with Munktell paper sheet (grade 34/N) to separate the liquid phase and 

from the solid phase. The solid residue was washed with water until neutral pH (the 
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initial filtrate pH was 2.90–4.76 depending on the autohydrolysis severity). The solid 

residue was dried at 110 °C for 10 days at room temperature to reach the humidity of 

the untreated material. Then it was used as adsorbent. 

 

2.3. Continuous fixed-bed column studies 

 

2.3.1. Adsorption studies  

 

Continue-flow experiments were carried out on Stainless steel columns with dimensions 

15 X 2.5 cm. The bed height was x = 15 cm respectively. The adsorbent weight was m = 

32 g and 54 g, respectively. The pH was 8.0. The flow rates were fixed at approximately 

20 mL min-1 using a preparative HPLC pump, LaPrep P110 - VWR - VWR 

International. The initial concentrations of MB were 165 mg L-1. To determine the 

concentration of MB in the effluent, samples of outflow were peaked at 100 mL 

intervals.  

 

3. Results and Discussion 
 

3.1. Continuous fixed-bed-column adsorption model 

 

A widely used continuous fixed-bed-column model was established by Bohart and 

Adams [28], who assumed that the rate of adsorption is controlled by the surface 

binding (through chemical reaction or physical interaction) between adsorbate and 

unused capacity of the solid, i.e., adsorption rate = K.C.Cu, where K is the adsorption 

rate coefficient, C is the adsorbate concentration at the solid phase at distance x, and Cu 

is the unused surface adsorptive capacity at time t, expressed as mass per volume of 

bed. The material balance for adsorbate is given by the partial differential equation 
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while the corresponding partial differential equation for the Cu decrease is 
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where u is the superficial liquid velocity. These equations are obtained neglecting 

diffusion and accumulation terms, assumptions that are valid in chemical engineering 

practice, provided that strict scale up specifications are kept  in the design stage and 

successful operation conditions are kept in the industrial operation stage. 

 

The differential equations can be integrated over the total length x of the bed to give:  
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where N  (mg L-1); is the initial or total adsorption capacity coefficient, also quoted as 

Cu,0 [28]; C=effluent concentration (mg L-1); Ci=influent concentration (mg L-1); 

K=adsorption rate coefficient ( 11   minmgL ); x=bed depth (cm); u=linear velocity 

(cm.min-1); and t=time (min).  Since )/..exp( uxNK is usually much greater than unity, 

this equation can be simplified to: 
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which is commonly used by researchers, because of its convenience in estimating the 

values of parameters K and N through linear regression either of ln[(C0 / Ci )– 1] vs t or t 

vs x when the following rearrangement is adopted: 
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In this rearrangement, t is the time to breakthrough, i.e., the time period required for 

concentration to reach a predetermined value. For using the last expression as a linear 

regression model, wastewater is passed through beds of varying depths, keeping 

constant Ci and u, preferably at values similar to those expected to prevail under real 

conditions at full scale. Alternatively, it can be performed by the aid of at least three 

columns arranged in series. In such a case, sampling takes place at the bottom of each 

column and measured for adsorbate concentration, making more frequent measurements 

when approaching the breakthrough concentration C. Finally, the time at which the 

effluent reaches this concentration is used as the dependent variable while x plans the 

role of the independent one. Evidently, the use of such a regression model implies the 

additional error of measuring the independent variable with less precision in comparison 

with the dependent. The common error in both models comes from the estimation of 

concentration from measuring adsorbance although the reference relation/curve has 

been structured/drawn in the inverse mode, i.e., for predetermined concentrations the 

corresponding adsorbances have been measured. 

 

In the present work, the model of eq. (17) has been used for parameter values estimation 

through linear regression to obtain numerical results comparable with corresponding 

data found for other fixed bed adsorption studies in literature. The non-linear form of 

this model is: 
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where uxNKeA / ; iCKr  .  
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On the other hand, Clark [29] has advanced the Bohart and Adams model [28] by 

incorporating the parameter n of the Freundlich adsorption isotherm: 
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where n=inverse of the slope of the Freundlich isotherm [22]. Finally, the Bohart 

and Adams model [28] can be reduced for n=2 from Clark model [29]. 

 

3.2. Continuous fixed-bed-column desorption model 

 

The kinetic equation used for desorption is the following: 

 

''
0'

tkeCC           (21) 

 

where C’0 is the initial MB concentration of desorption effluent, k’ is desorption rate 

constant assuming first order desorption kinetics and t’ is desorption time.  

 

3.3. Brine treated 

 

The use of salt brine — a mixture of 23 percent salt and 77 percent water (the carrying 

capacity of slat in a water solution) — for melting snow and ice was developed in 

Europe. The mixture is sprayed directly on the road as an anti-icing agent. Although salt 

brine has the same melting characteristics of regular salt, because it is in brine form, it 

has the advantage of working immediately and doesn’t have the problem of “bounce 

and scatter” off the road because of its consistency, according to a study of salt brine 

use by the Vermont Agency of Transportation, Materials and Research Section. The 

agency found that brine was cost effective to produce, at about $0.10 per gallon. 

Additionally, other deicing chemicals can be mixed into the salt brine to lower the 

http://www.betterroads.com/files/2011/05/Vermont-Report1.pdf
http://www.betterroads.com/files/2011/05/Vermont-Report1.pdf
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effective melting temperature. During the study in which experimental test sections of 

Vermont interstates were treated with salt brine and salt brine mixtures, the agency 

found that it saved an average of 24 percent of material usage. 

 

Although the data sets were not as extensive as the research team initially thought, the 

research project was able to produce salt savings of approximately 30 percent and 

materials cost savings of approximately 30 percent and materials cost savings of 

approximately 24 percent during the first year of experimentation,” according to the 

Vermont DOT report. If such a cost savings could be projected statewide, the potential 

savings would be almost $1 million annually. The research team agreed that there is 

potential for more salt and cost savings as staff becomes more experienced with the 

technology. 
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3.4. Continuous fixed-bed-column models parameters 

 

 

Table 1: Fixed Bed Column Systems for spruce modified by brine treatment 

Concen 

trated 

X 

Times 

T (oC) t (min) Ci Q 

(mL/min) 

x (cm) m (g) N K R qo 

(mg/g) 

1 180 50 153 18 15 20 4948 0.000353 -0.9481 18.21 

2 180 50 145 21 15 20 6975 0.000242 -0.9683 25.67 

4 140 0 210 21 15 12.11 8461 0.000153 -0.9616 51.42 

4 160 0 156 21 15 11.7 4304 0.000694 -0.9946 27.07 

4 160 50 163 21 15 20 5834 0.000300 -0.9662 21.47 

4 180 0 162 21 15 11.6 6054 0.000257 -0.9744 38.41 

4 180 50 151 21 15 20 5666 0.000444 -0.9479 20.85 

4 200 0 155 22 15 12.3 4682 0.000866 -0.9667 28.01 

4 200 50 162 21 15 14.6 9259 0.000132 -0.9390 46.67 

4 200 50 148 21 15 20 7713 0.000157 -0.9232 28.38 

4 220 50 157 21 15 12 5840 0.000235 -0.9863 35.82 

4 200 50 160 21 15 20 9233 0.000181 -0.9466 33.97 

4 240 50 162 19 15 13 1358 0.000899 -0.9237 7.69 

4 240 50 153 21 15 12 451 0.000369 -0.7918 2.76 

4 240 50 153 21 15 12 451 0.000369 -0.7918 2.76 

8 180 0 169 21 15 12 4715 0.000212 -0.9565 28.92 

8 180 50 159 17 15 17.3 7089 0.000351 -0.9211 30.16 

8 180 50 141 21 15 20 5695 0.000259 -0.9799 20.96 
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(b) 

Fig. 1: Column experimental data and theoretical curves of MB adsorption on modified 

spruce; the effluent concentration is presented vs. (a) the effluent volume and (b) the 

adsorption time; x=15cm, Ci=160 mg L−1, Q=20 mL min-1, (the theoretical curves are 

according to the Bohart and Adams model); modified by brine treatment; concentrated x 

1 time at 180 oC for 50 min. 
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(b) 

Fig. 2: Column experimental data and theoretical curves of MB adsorption on modified 

spruce; the effluent concentration is presented vs. (a) the effluent volume and (b) the 

adsorption time; x=15cm, Ci=160 mg L−1, Q=20 mL min-1, (the theoretical curves are 

according to the Bohart and Adams model); modified by brine treatment; concentrated x 

2 times at 180 oC for 50 min.  
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(b) 

Fig. 3: Column experimental data and theoretical curves of MB adsorption on modified 

spruce; the effluent concentration is presented vs. (a) the effluent volume and (b) the 

adsorption time; x=15cm, Ci=160 mg L−1, Q=20 mL min-1, (the theoretical curves are 

according to the Bohart and Adams model); modified by brine treatment; concentrated x 

2 times at 160 oC for 0 min. 
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(b) 

Fig. 4: Column experimental data and theoretical curves of MB adsorption on modified 

spruce; the effluent concentration is presented vs. (a) the effluent volume and (b) the 

adsorption time; x=15cm, Ci=160 mg L−1, Q=20 mL min-1, (the theoretical curves are 

according to the Bohart and Adams model); modified by brine treatment; concentrated x 

2 times at 160 oC for 50 min. 
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(b) 

Fig. 5: Column experimental data and theoretical curves of MB adsorption on modified 

spruce; the effluent concentration is presented vs. (a) the effluent volume and (b) the 

adsorption time; x=15cm, Ci=160 mg L−1, Q=20 mL min-1, (the theoretical curves are 

according to the Bohart and Adams model); modified by brine treatment; concentrated x 

4 times at 140 oC for 0 min. 
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(b) 

Fig. 6: Column experimental data and theoretical curves of MB adsorption on modified 

spruce; the effluent concentration is presented vs. (a) the effluent volume and (b) the 

adsorption time; x=15cm, Ci=160 mg L−1, Q=20 mL min-1, (the theoretical curves are 

according to the Bohart and Adams model); modified by brine treatment; concentrated x 

4 times at 180 oC for 0 min. 
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(b) 

Fig. 7: Column experimental data and theoretical curves of MB adsorption on modified 

spruce; the effluent concentration is presented vs. (a) the effluent volume and (b) the 

adsorption time; x=15cm, Ci=160 mg L−1, Q=20 mL min-1, (the theoretical curves are 

according to the Bohart and Adams model); modified by brine treatment; concentrated x 

4 times at 180 oC for 50 min. 
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(a) 

 

(b) 

Fig. 8: Column experimental data and theoretical curves of MB adsorption on modified 

spruce; the effluent concentration is presented vs. (a) the effluent volume and (b) the 

adsorption time; x=15cm, Ci=160 mg L−1, Q=20 mL min-1, (the theoretical curves are 

according to the Bohart and Adams model); modified by brine treatment; concentrated x 

4 times at 200 oC for 0 min. 
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(b) 

Fig. 9: Column experimental data and theoretical curves of MB adsorption on modified 

spruce; the effluent concentration is presented vs. (a) the effluent volume and (b) the 

adsorption time; x=15cm, Ci=160 mg L−1, Q=20 mL min-1, (the theoretical curves are 

according to the Bohart and Adams model); modified by brine treatment; concentrated x 

4 times at 200 oC for 50 min. 
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(b) 

Fig. 10: Column experimental data and theoretical curves of MB adsorption on 

modified spruce; the effluent concentration is presented vs. (a) the effluent volume and 

(b) the adsorption time; x=15cm, Ci=160 mg L−1, Q=20 mL min-1, (the theoretical 

curves are according to the Bohart and Adams model); modified by brine treatment; 

concentrated x 4 times at 220 oC for 50 min. 
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(b) 

Fig. 11: Column experimental data and theoretical curves of MB adsorption on 

modified spruce; the effluent concentration is presented vs. (a) the effluent volume and 

(b) the adsorption time; x=15cm, Ci=160 mg L−1, Q=20 mL min-1, (the theoretical 

curves are according to the Bohart and Adams model); modified by brine treatment; 

concentrated x 4 times at 240 oC for 50 min. 
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(b) 

Fig. 12: Column experimental data and theoretical curves of MB adsorption on 

modified spruce; the effluent concentration is presented vs. (a) the effluent volume and 

(b) the adsorption time; x=15cm, Ci=160 mg L−1, Q=20 mL min-1, (the theoretical 

curves are according to the Bohart and Adams model); modified by brine treatment; 

concentrated x 4 times at 240 oC for 50 min (repeatability). 
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(b) 

Fig. 13: Column experimental data and theoretical curves of MB adsorption on 

modified spruce; the effluent concentration is presented vs. (a) the effluent volume and 

(b) the adsorption time; x=15cm, Ci=160 mg L−1, Q=20 mL min-1, (the theoretical 

curves are according to the Bohart and Adams model); modified by brine treatment; 

concentrated x 4 times at 240 oC for 50 min. 
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(b) 

Fig. 14: Column experimental data and theoretical curves of MB adsorption on 

modified spruce; the effluent concentration is presented vs. (a) the effluent volume and 

(b) the adsorption time; x=15cm, Ci=160 mg L−1, Q=20 mL min-1, (the theoretical 

curves are according to the Bohart and Adams model); modified by brine treatment; 

concentrated x 4 times at 240 oC for 50 min (repeatability). 
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(b) 

Fig. 15: Column experimental data and theoretical curves of MB adsorption on 

modified spruce; the effluent concentration is presented vs. (a) the effluent volume and 

(b) the adsorption time; x=15cm, Ci=160 mg L−1, Q=20 mL min-1, (the theoretical 

curves are according to the Bohart and Adams model); modified by brine treatment; 

concentrated x 8 times at 180 oC for 0 min. 
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(b) 

Fig. 16: Column experimental data and theoretical curves of MB adsorption on 

modified spruce; the effluent concentration is presented vs. (a) the effluent volume and 

(b) the adsorption time; x=15cm, Ci=160 mg L−1, Q=20 mL min-1, (the theoretical 

curves are according to the Bohart and Adams model); modified by brine treatment; 

concentrated x 8 times at 180 oC for 50 min. 
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(b) 

Fig. 17: Column experimental data and theoretical curves of MB adsorption on 

modified spruce; the effluent concentration is presented vs. (a) the effluent volume and 

(b) the adsorption time; x=15cm, Ci=160 mg L−1, Q=20 mL min-1, (the theoretical 

curves are according to the Bohart and Adams model); modified by brine treatment; 

concentrated x 8 times at 180 oC for 50 min (repeatability). 
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