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ABSTRACT 

Synthesis of Mesoporous Carbons from Date Pits for the Adsorption of Large 

Molecular Weight Micropollutants in Wastewater. 

Ahmed Al Jeffery 

Efficient reuse of waste water requires removal of micro-pollutants from waste 

water streams by affordable and sustainable methods. Activated carbon is 

considered a powerful adsorbent due to its high surface area and low cost of 

treatment, compared to other expensive methods such as membrane filtration. 

Producing activated carbon with larger mesoporosity (>2nm) is of particular 

interest in industry in the removal of larger molecular sized pollutants.  

This study reports the synthesis of mesoporous activated carbons from a non-

soluble biomass precursor (date-pits) along with chemical activation using ZnCl2. 

Thus, produced activated carbon showed high surface area and large mesopore 

volume up to 1571 m2/g and 2.00 cm3/g respectively. In addition, the pore size of 

the product was as high as 9.30 nm. As a method of verification, HRTEM (High-

resolution transmission electron microscopy) was used to directly authenticate the 

pore size of the synthesized activated carbons. 

Tannic acid and atrazine were used as model waste water pollutants and the 

adsorption capability of the produced activated carbon for these pollutants were 

evaluated and compared to a commercial mesoporous carbon: G60 from Norit. The 

results showed that the sorption capacity of produced activated carbon for tannic 

acid was 2 times that of G60 while the sorption capacity of produced activated 

carbon for atrazine was lower than that of G60. The activated carbon was also 

evaluated for adsorption of real secondary effluent municipal wastewater and the 

results suggest that the produced activated carbon was able to sorb a greater 

amount of biopolymers than G60. These results demonstrate that the thus-produced 

activated carbon may be a promising sorbent for waste water treatment. 
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1. Introduction 

Pr0tect10n 0f the rece1v1n9 water5 fr0m p011ut10n 6y 

 

Water reuse and the protection of the environment from pollution by 

harmful waste is the primary goal for treatment of municipal and industrial 

wastewaters. There are several techniques that can be employed for waste water 

effluent treatment, and adsorption by activated carbon (AC)  has been widely used 

and accepted (Pütün and Varoli). Industrial organic effluents can pose numerous 

environmental and health problems. These organics can range in molecular size and 

are mostly produced from textile, paper, cosmetic or tanning processes. In 

municipal water treatment the larger fractions in the dissolved organic matter 

(NOM) pose serious health risks, as they act as precursors for disinfection by 

products (DBPs); formed by reactions with disinfectants during water treatment 

(Dastgheib, Karanfil et al. 2004).  

 

One of the key features associated with activated carbon is related to its 

superior porous properties, such as high surface area and tunable pore size. 

Mesoporous activated carbons, having pore sizes ranging from 2 to 50 nm, are more 

advantageous in comparison to conventional activated carbons whose pore size is 

usually restricted to the microporous region (<1.5 nm) (Huang, Hu et al. 2009). 

Furthermore, it has been proposed that mesoporosity on activated carbons may 

play a crucial role in enhancing  adsorption of  bulky molecules(Liu, Guo et al. 2011). 

 

Although the use of low cost adsorbent AC produced from lignocellulosic 

precursors has been widely studied, their adsorption capacity for larger molecular 

size pollutants has not been sufficient. The adsorption capacity of porous materials 

depends on several factors such as surface area, pore size distribution and molecule 

size of the adsorbate species (Lorenc-Grabowska and Gryglewicz 2007). Adsorption 

of large, high molecular-weight compounds such as dyes and tannic acid (the larger 
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fractions of NOM) requires materials with a high mesoporosity (Lorenc-Grabowska 

and Gryglewicz 2007). Therefore, mesopores are generally sought after in 

synthesizing activated carbon required for liquid phase adsorption of high 

molecular-weight water pollutants (Zhu, Li et al. 2007). 

 

Consequently, the last decade has seen a huge surge in the development of 

mesoporous carbons with well-developed pores size distribution. The methods 

include physical activation, chemical activation or a combination of the two. 

However, many of the procedures suffer some critical drawbacks mainly associated 

with the complicated techniques and cost of preparation (Huang, Hu et al. 2009). 

Among the most successful chemical activating agents used for this purpose is zinc 

chloride (ZnCl2), due to its high activating capability (Zhu, Li et al. 2007). Although 

chemical activation has been employed to produce mesopore- dominated carbons 

from lignocellulosic precursors, it suffers some drawbacks; mainly associated with 

extra preparatory steps of high energy consumption and incomplete mixing of the 

insoluble precursor. In a 2009  paper by Hu (Huang, Hu et al. 2009) they tried to 

overcome mixing problem obstacle by using a soluble carbon precursor. However, 

this still involves extra costs since they used fructose as the carbon precursor and 

energy intensive preparatory steps were still involved. 

 

As a result of these issues, tailoring of porosity in produced activated carbon is a 

challenging task. Mainly, the main factor used to control the developed porosity is 

the conditions of preparation, involving in the chemical activation method. Thus, in 

the present study, a mesopore-dominated activated carbon was synthesized from 

date-pits, an abundant lignocellulosic raw precursor, under optimized ZnCl2 

chemical activation conditions, giving rise to a less energy intensive synthesis 

procedure. The synthesized activated carbon was evaluated in terms of their 

adsorption efficiency for tannic acid and atrazine, two model water pollutants. 

Tannic acid was chosen because it is an industrial water pollutant, known to be a 

precursor for carcinogenic disinfection by-products in drinking water supply; it 

serves as a characterization tool since tannic acid is a good indicator for the 
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adsorption of bulky  pollutant compounds on the carbonaceous adsorbent (Ji, Liu et 

al. 2010). The adsorption efficiency of the produced carbon on the large molecular 

weight fraction of NOM in real secondary effluent municipal wastewater was also 

examined. 

 

1.1. Objective of the study 

 

The main objectives of this work are the preparation and characterization of 

mesoporous activated carbons from low-cost insoluble biomass and evaluation of 

their adsorption performance in the removal of large molecular weight pollutants 

from synthetic organic liquid solution as well as real wastewater. The specific 

objectives of this research are: 

 

 To develop activated carbon from insoluble date pits with high mesopore 

counts. 

 To determine the physiochemical properties of the produced carbon and to 

compare them with a similar structured commercial carbon. 

 To test the produced carbon and commercial adsorbent for the removal of 

synthetic organic pollutants (Tannic Acid and Atrazine). 

 To test the produced carbon and commercial adsorbent for pollutant 

removal from real waste water. 

 Identify the applicable adsorption isotherms and kinetic models for the 

sorption of the synthetic organic pollutants on the produced carbon.  
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2. Background 

 

Population growth, rapid urbanization and industrial expansion have rendered 

many water sources unsafe and hazardous to both mankind and wildlife. Although 

this is a challenge worldwide, it is of particular concern in the Kingdom of Saudi 

Arabia. Being the biggest country with no lakes or rivers, Saudi Arabia has to sustain 

a population of 25.7 million. In 2010, Saudi Arabia’s water withdrawal exceeded 20 

billion cubic meters, making it the third largest water consumer per capita in the 

world (Kajenthira, Siddiqi et al. 2012). In Saudi Arabia, 80% of the GDP stems from 

the rapidly growing petrochemical industries. Studies have shown that proper 

water conservation strategies could save up to 29% of total industrial water 

demand within the kingdom of Saudi Arabia (Kajenthira, Siddiqi et al. 2012). In the 

municipal water sector, the current strategies, if implemented appropriately, could 

allow the kingdom to save up to 50% of its current municipal demand.  Treatment of 

industrial and municipal waste water is among the highly recommended water 

conservation strategies, which has the potential to dramatically reduce water 

withdrawals from non-renewable aquifers and minimize reliance on desalination 

(Kajenthira, Siddiqi et al. 2012). 

 

 

 

2.1. Challenges in Municipal and Industrial wastewater 

2.1.1. Industrial waters 

 

Industries which produce significant volumes of waste water effluent 

discharge include textile, paper and pulp-printing, steel mills, petroleum and 

refineries, pesticide, paint and pharmaceutical as well as tanning industries. Each of 

these uses large volumes of water in addition to organic chemicals with a broad 

selection of chemical composition, molecular weights and toxicity (Aksu 2005).  
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These industries are typically characterized as pollution intensive, producing a wide 

variety of high-strength organic wastewaters (Shen, Zheng et al. 2003). Although 

tannic acid is a naturally occurring organic substance produced by the 

decomposition of organic matter in the soil, it is also present in high concentrations 

in the wastewater of several tanning industries such as coir and leather industries. 

Being a water soluble polyphenolic compound, tannic acid can be toxic, creating 

serious problems in the environment (Sarici-Ozdemir and Onal 2010), whilst also 

being a precursor of carcinogenic disinfection by products in drinking water (Liu, 

Guo et al. 2011). Tannic acid, due to its large three dimensional shape (having a 

circular diameter of 3nm) (Ariga, Vinu et al. 2007), is usually used as an indicator of 

the sorption of bulky compounds on activated carbons (Nakagawa, Namba et al. 

2004). 

 

 

 

2.1.2. Municipal wastewaters 

 

A diverse range of organic compounds are found in most surface waters. 

Such compounds are known as natural organic matter (NOM) and they are 

ubiquitous in surface waters, ground water and most fresh water supplies. 

Numerous studies have probed the effects of NOM and found it to serve a negative 

effect on the treatment process. In drinking water treatment NOM negatively affects 

the performance of treatment: especially affecting the activated carbon filtration 

and the membrane filtration system as well as promoting biofilm formation in the 

water distribution system (Baghoth, Sharma et al. 2011). As a consequence it leads 

to reduced efficiency of the treatment process whilst increasing operational costs.  

Also, NOM has been shown to significantly reduce the efficiency of activated carbon by 

competing with micropollutant; thus reducing both adsorption capacity and adsorption 

kinetics (Humbert, Gallard et al. 2008). 

 



18 

 

 

NOM in water is a heterogeneous complex mixture with mostly 

macromolecular organic materials of varying molecular sizes and structures which 

include humic compounds, hydrophilic acids, proteins, lipids, carbohydrates, 

carboxylic acids, amino acids and hydrocarbons (Dastgheib, Karanfil et al. 2004). 

The dissolved organic matter, which is the component passing through a 0.45 µm 

filter, constitutes the most problematic fraction of NOM since it is only partly 

removed by conventional water treatment processes and serves as the precursor of  

disinfection byproducts (DBP). Thus, NOM has become a major concern of water 

utilities due to reactions between natural dissolved organic matter and chlorine or 

other disinfectants/oxidants or in the increase in bacterial population growth where 

chlorination is not used. Furthermore, recent epidemiological studies have 

implicated some DBP in numerous adverse human health effects such as cancers of 

the urinary and digestive tracts, bladder and colon cancers as well as spontaneous 

abortion(Richardson, Plewa et al. 2007). Due to DBP’s potential public health risk, 

the United States Environmental Protection Agency (USEPA) has been imposing 

stringent regulations under the Disinfectants/Disinfection Byproducts Rule (D/DBP 

Rule) (Dastgheib, Karanfil et al. 2004). 

 

The application of membrane filtration technology has experienced a 

dramatic rise in the water treatment process, with particular emphasis on the 

utilization of Low-pressure membranes (LMP). LMP filtration has experienced a 

dramatic rise in popularity in the water treatment industry. In 2006 the total 

installed capacity for LMP systems reached 3,500 million gallons per day 

worldwide, with 82% of the total capacity utilized for drinking water treatment and 

waste water reuse (Huang, Schwab et al. 2009). Although the LMP system, which is 

comprised of membrane filters with pore sizes in the range of 10 – 100 nm, is good 

at removing pathogens and those responsible for turbidity, they are not so effective 

in removing the precursors of DBP and organic micro-pollutants. During filtration 

LMP suffers from several drawbacks mostly associated with loss of membrane 

permeability, which is caused by the accumulation of pollutants inside the 

membrane matrix. Some of the large NOM fractions (3-20 nm size range) are 
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believed to be important LMP foulants (Lee, Amy et al. 2004). This phenomenon is 

known as membrane fouling and is considered the most challenging aspect of LMP 

system application (Huang, Schwab et al. 2009). Some of the larger NOM fractions 

(3-20 nm size range) are the source of important foulants in membrane filtration 

technology (Lee, Amy et al. 2004). 

 

2.2.  Activated carbon definition and current application 

 

Activated carbon (AC) is a versatile solid substance with an incredibly high 

surface area and an extraordinarily interconnected network of pores which lend it 

the elevated adsorption capacity for which it is highly praised. Depending on the 

choice of the starting precursor and method of activation, as well as other 

experimental conditions and processing parameters, the adsorptive properties of 

the produced activated carbon can be tailored for diverse applications. 

 

Activated carbon preparation involves two main steps: the carbonization of a 

carbonaceous raw material under inert gas, followed by the activation of the 

carbonized product. In the carbonization process, volatiles such as oxygen, 

hydrogen and nitrogen are released during the decomposition of the starting 

precursor carbon material, which leaves the residual carbon atoms grouping into 

stacked aromatic sheets cross-linked in a random manner. The structure of 

activated carbon is composed of aromatic sheets often bent over resembling a 

disordered structure (Figure 1) which resembles crumpled up paper with gaps of 

different molecular dimensions in between (Stoeckli 1990). This disordered 

graphite-like structure plays a dominant role in the porosity generated in activated 

carbons. The porosity originates from the free interstices between the graphene 

layers arranged in the disordered structure(Bansal 2005). 
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Figure 1: A schematic representation of the structure of active 

carbons(Stoeckli 1990). 

Applications of activated carbons are of particular relevance to the removal of 

polluting organic substances from municipal and industrial wastewaters (Bansal 

2005; Ioannidou and Zabaniotou 2007; Kalderis, Koutoulakis et al. 2008; Liou 

2010). As such the global demand for activated carbon is growing steadily; in the US 

alone the demand for activated carbon was up to 22,000 metric tons in 2008 which 

is forecasted to increases by 5% through 2012 (Qiu and Guo 2010). 

 

2.2.1. Activated carbon adsorption 

 

There are several steps and methods for the treatment of waste water, such 

as ion-exchange, precipitation, membrane separation, electrolysis and adsorption. 

Adsorption by activated carbon (AC) is the most widely exploited technique, playing 

a pivotal role in separation and purification processes. In fact, Activated Carbon 

adsorption has been cited by the US Environmental protection agency as one of the 

best environmental control technologies (Moreno-Castilla 2004). They are two 

forms of AC: powdered and granular forms. Powdered Activated Carbons and 

Granular Activated Carbons (PAC and GAC respectively), both are widely used in the 

removal of dissolved NOM in most drinking water and in the removal of a variety of 

synthetic organic chemicals, such as pesticides, herbicides, from industrial water 

effluents (Pelekani and Snoeyink 2001; Huang, Hu et al. 2009). The application of 

activated carbon in the adsorptive removal of larger size industrial pollutants such 
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as dyes, tannins or large-sized NOM requires the carbon to contain pores accessible 

to these compounds, usually in the mesoporous range > 2 nm. Even though in some 

cases the adsorbate size is in the micropore region (< 2nm), the mesoporosity of the 

activated carbon material can positively influence the removal (Lorenc-Grabowska 

and Gryglewicz 2007). 

 

2.2.2. Mesoporosity for Adsorption 

 

To meet permitted limits of wastewater pollutant levels a variety of methods 

have been employed. Adsorption of organic pollutants from the aqueous phase is an 

essential application in wastewater treatment. This is largely because activated 

carbons are endowed with high internal surface area and well-developed porosity in 

ranges of micro (<2nm) and mesoporosity (pore diameter in the rage of 2-50 nm) - 

which allows them to adsorb molecules of different sizes. The pore structure of 

activated carbons so far developed in conventional applications has largely been 

limited to the micropore region (<2nm), since they were mainly intended to be used 

for removing small size (1nm) pollutants. However, the past decade has seen a 

huge surge in the production of mesoporous activated carbons. The demand for 

such carbons with a pore size tailored for its final end application (Fryxell and Cao 

2007) comes from a variety of sectors such as catalytic supports, capacitors, 

biomedical engineering and industrial and domestic wastewater treatment, which 

often requires the removal of large molecules such as dyes, and tannins (Khalili, 

Campbell et al. 2000; Huang, Hu et al. 2009).  

 

Typically, treatment of municipal and industrial wastewater requires the 

adsorbent carbon materials to have a high contribution to both the surface area and 

the pore volume from the mesopores, since it is the mesoporosity which contributes 

to the adsorption of the large molecular weight pollutants. The criterion for 

determining applicability of a specific carbon for water treatment is largely 

dependent on cost of the adsorption process as compared to alternative purification 
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methods. Hence, a key factor in applying the adsorption treatment is the adsorption 

capacity for a particular compound being removed (Hsieh and Teng 2000). The 

capacity for a particular pollutant is determined by the complexity of the carbon’s 

pore structures with relation to the size and dimensions of the adsorbate pollutant 

molecule (Hsieh and Teng 2000). Studies investigating the adsorption behavior of 

different molecular size pollutants on activated carbons suggested low utility of 

micropores in the adsorption of molecules with large diameters (Zhuang, Wan et al. 

2009). Moreover, H. Teng et al. found that, adsorption of large molecular weight 

molecules such as tannic acid increased proportionally with increasing mesoporous 

volume (Hsieh and Teng 2000). Therefore, pore size of activated carbon plays a 

crucial role in obtaining excellent adsorption performance. 

 

2.3. Synthesis of Activated Carbon 

 

Activated carbons can be produced from various carbonaceous raw materials, 

especially biomass from agricultural by-products. Lignocellulosic precursors for 

producing activated carbons have dominated the literature for many years (Hu and 

Srinivasan 2001). 

 

Palm date pits are a common agricultural byproduct widely available in Middle 

Eastern regions. Date pits have been investigated previously since they contain 55-

56% carbohydrate and have low ash content, and high-grade activated carbon could 

be obtained from it.  In 2009, the global production of dates was estimated around 

7,500 million tons. Saudi Arabia alone produced around 1,080 million tons in 2010 

and is now the 2nd largest worldwide producer of dates after Iran 

(http://faostat.fao.org/site/339/default.aspx). According to the Food and 

Agriculture Organization (FAO) Agricultural Services, date pits are composed of 

cellulose (42%), hemicellulose (18%), sugar and other compounds (25%), lignin 

(11%) and ash (4%). This lignocellulosic composition promotes the preparation of 

high-grade activated carbon (Bouchelta et al., 2008).  

http://faostat.fao.org/site/339/default.aspx
http://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0CC0QFjAA&url=http%3A%2F%2Fwww.fao.org%2F&ei=Y0yTUavoOYX1sgaNzoCwDQ&usg=AFQjCNFN0FJRtsVrfnxh2u66Un8onLMaSw&bvm=bv.46471029,d.Yms
http://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0CC0QFjAA&url=http%3A%2F%2Fwww.fao.org%2F&ei=Y0yTUavoOYX1sgaNzoCwDQ&usg=AFQjCNFN0FJRtsVrfnxh2u66Un8onLMaSw&bvm=bv.46471029,d.Yms
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Table 1: Approximate chemical composition of date pits (% of dry weight) 

according to FAO Agricultural Services (Barreveld, 1993) 

Compound Content (%) 

Moisture 5–10 

Protein 5–7 

Oil 7–10 

Crude Fiber 10–20 

Carbohydrates 55–65 

Ash 1–2 

 

 

The synthesis of activated carbon from date pits involves high temperature (825 ºC) 

CO2 activation (Belhachemi, Rios et al. 2009) and the thus-produced activated 

carbon is mainly micropore  dominated with more than 45% of total pore volume 

present as primary micropores (<0.8nm). 

 

The preparation of activated carbons consists of a carbonization followed by 

activation of the carbonaceous material. The term carbonization involves the heat 

treatment in the range of 400-1000 oC which converts organic matter to carbon in 

the absence of oxygen. This carbonization process works by forcing the release of 

volatile matter and minimization of tar which eventually increases the carbon 

content to form char. However, the char obtained usually exhibits little adsorption 

capability since its surface area and porosity is not well developed, thus an 

activation step is required to expand initial porosity created by carbonization 

(Figure 2) (Marsh and Rodriguez-Reinoso 2006).  

 

Further processing of porosity is carried out by activation process- this is the 

process which creates or expands the porosity characteristic of the final product to 

satisfy its final required application. The activation is usually carried out by physical 

or chemical activtion. 
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Figure 2: A two-dimensional representation of carbon activation 

 Physical activation involves partial gasification reaction which removes 

carbons and it is generally done by exposing previously prepared char to various 

oxidizing atmospheres such as carbon dioxide, water steam, air or the combination 

of these at temperatures ranging from 1100-1250K (Rodriguez-Reinoso and Molina-

Sabio 1992). The two separate steps of carbonization and physical activation, both 

conducted at elevated temperatures, are energy intensive, usually with the 

carbonization temperature ranging between 400-850oC and that of activation in the 

range of 600-900oC (Ioannidou and Zabaniotou 2007). 

 

On the other hand, chemical activation involves impregnation of precursor or 

a carbonized product (i.e., char) with a chosen chemical activation agent followed by 

a heat treatment. Rather than a two-step process, chemical activation can be 

integrated in a single step where the chemical activation agent acts as a dehydrating 

agent and oxidant simultaneously. Many lignocellulosic precursors have been 

exploited to prepare activated carbon in this a single-step process, which permits a 

lower temperature synthesis and desirably results in the development of good 

porosity and yield (Ioannidou and Zabaniotou 2007). There are several activating 

agents widely used in chemical activation and  phosphoric acid (H3PO4) and Zinc 

Chloride (ZnCl2) are among the most widely used for lignocellulosic precursors in 

this regard (Ioannidou and Zabaniotou 2007). It has been known that chemical 

activation of lignocellulosic raw materials with ZnCl2 leads to the production of 

activated carbons with a good yield and with well-developed porosity due to 

minimization of volatile product and tar formation(Hernández-Montoya, García-

Servin et al.). Although the mechanism of ZnCl2 chemical activation is still not well 

understood, it is believed that ZnCl2 impregnation with the raw material results in 
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dehydration and degradation of the raw material and changes the structure and 

weakens the carbonaceous material (Hernández-Montoya, García-Servin et al.). The 

raw material is usually impregnated with a concentrated activating agent (e.g., ZnCl2 

solution) followed by heat treatment under an inert atmosphere (N2 gas). The final 

product is then washed to remove the residual activating agent. 

 

Although chemical activation is advantageous over physical activation in that 

the procedure is carried out under lower temperatures and for shorter time, it does 

suffer some drawbacks. For one, the chemical activation requires the important 

washing step to remove residual activating agent (e.g., ZnCl2), whose presence 

would otherwise affect the performance of the final product (Hernández-Montoya, 

García-Servin et al.  Lozano-Castello, Lillo-Rodenas et al. 2001). An important 

consideration for chemical activation is the impregnation ratio of activating agent to 

the raw precursor material and several studies have shown that higher 

impregnation ratio led to the development of dominant mesoporosity in the final 

activated carbon (Rodriguez-Reinoso and Molina-Sabio 1992).  

 

 

 

2.4. Production of Activated Carbon with Controlled Porosity  

2.4.1. Porosity 

 

During the process of activation, carbon is partially removed from the graphitic 

layer of the crystallite structure and the resulting voids are known as pores (Figure 

1).  It is difficult to determine the pore shape, but there are several calculations that 

can estimate the pore size and distribution. For example a calculation based on the 

diameter of the pores assuming a cylindrical capillary shape can provide values 

which approach the actual dimensions of the pores. 
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Porosity of activated carbons can be classified into three groups according to the 

International Union of Pure and Applied Chemistry (IUPAC) (Sing, Everett et al. 

1985; Recommendations 1994) (1) micropore (pore width<2nm); (2) mesopore 

(pore width between 2 and 50nm); and macropore (pore width >50nm). Studies 

have come to the agreement that from a free energy perspective, compounds are 

preferentially adsorbed into the pores of similar dimensions to the adsorbate, which 

is attributed to the increasing number of contact points between the molecule and 

the adsorbent pore walls (Xiao, Peng et al. 2012)  (Pelekani and Snoeyink 1999). 

Thus, the pore size distribution (PSD) is a very important feature of activated 

carbon: an essential factor to its adsorption properties. It is the PSD that dictates the 

fraction of the total pore volume which can be accessed by a specific adsorbate with 

a particular molecular size (Pelekani and Snoeyink 1999). Recent developments in 

nanotechnology have led to successful synthesis of mesoporous carbon with well-

controlled pore structure and sharp PSD. The synthesis methods involved are soft or 

hard templating methods  (Yang and Zhao 2005)  (Ryoo, Joo et al. 1999) (Gierszal 

and Jaroniec 2006) (Tanaka, Nishiyama et al. 2005; Liang and Dai 2006). However, 

these aforementioned methods suffer from critical drawbacks mainly related to the 

cost of the copolymer scaffold and additional synthesis and sacrificial use of the 

ordered mesoporous scaffold associated with hard templating technologies 

(Silvestre-Albero, Gonçalves et al. 2012), which lead to their inapplicability to large-

scale production. Thus they are not the focus of this work.   

 



27 

 

 

 

Figure 3: Diffusion into pores of activated carbons. 

(Figure adapted from (http://dimllc.com/activatedCarbon.html) 

 

2.4.2. Challenges in Mesoporous carbon development 

 

In this section we discuss several preparation methods for activated carbon 

preparation from lignocellulosic precursors by chemical, physical or a combination 

of the procedures. An overview analysis for the experimental conditions used in the 

synthesis of ACs have been highlighted attending to the carbon BET surface area, 

pore volume and pore size. Also the advantages and disadvantages of each method 

are discussed. 

 

In the literature, most of the studies aimed at producing mesoporous carbons 

from waste biomass involve a combination of chemical and physical activation and 

Gas or Liquid adsorption 

Activated carbon 

Mesopores 

Micropores 

Macropores 

http://dimllc.com/activatedCarbon.html
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such processes involve the following steps: impregnation of the chemical activator 

and carbonization at high temperatures. For example, the method described by  Hu 

and Srinivasan (2001) (Hu and Srinivasan 2001) employed lignocellulosic raw 

materials ( 1-2 mm particle size) (e.g., palm seed and coconut shells crushed) and 

used impregnation of ZnCl2 along with physical activation by CO2 at 800oC. . The 

carbons produce by this method showed high surface areas (as high as 1267 m2/g) 

and pore volumes, with a mesoporosity of 1.19 cm3/g (Hu and Srinivasan 2001). 

Some of the notable developments in the field of producing activated carbon with 

large surface and pore mesoporosity from waste biomass are summarized below. 

 

Yorgun et al. (2009) used Paulownia wood precursor along with ZnCl2 

impregnation and activation and produced  activated carbon with a very high 

specific surface area (2736 m2/g) but the carbon was mainly microporous 1.387 

cm3/g. Whilst the method required several heating steps for 7h followed by a 12h 

final activation step at temperatures reaching up to 700°C.  In 2009 Juarez-Galan et 

al used a biomass carbon precursor in an attempt to produce mesoporous carbons 

using CaCl2 as the activating agent. Two temperature intensive preparatory steps 

were included up to 85°C for 7 h followed by a 24 h drying step at 80°C. The 

resultant carbon, although possessing highly developed pore volume and 

mesoporosity (up to 1 cm3/g),  had a very low surface areas, whilst also being very 

time and energy intensive protocol  (Juárez-Galán, Silvestre-Albero et al. 2009). In a 

most recent attempt to produce mesoporous activated carbons from lignocellulosic 

products, Silvestre-Albero et al. (2012) (Silvestre-Albero, Gonçalves et al. 2012) 

produced carbons with a surface area of 1500 m2/g and a mesopore volume up to 

0.63 cm3/g with a very energy intensive procedure, in which they used two different 

activation treatments incorporating both ZnCl2 and CaCl2 at very high temperatures. 

In this work, The ZnCl2 impregnated sample underwent a thermal treatment under a 

N2 atmosphere up to 700°C for 2 h, followed by washing to remove ZnCl2. An 

impregnation with CaCl2 was employed by a thermal treatment at 850°C under N2 

and then CO2 gas.  
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Furthermore, Silvestre-Albero et al.(Juárez-Galán, Silvestre-Albero et al. 

2009)reported synthesis of activated carbon with high mesoporosity derived from 

olive stones using conventional CaCl2 as the chemical reactant. In this work, the raw 

precursor was crushed and sieved to a particle size of 3 mm followed by washing 

with H2SO4 (10%) to remove inorganics. The sample was then impregnated with an 

aqueous solution of CaCl2  (7 wt.%) for 7 h incubating at  85ºC, which was followed 

by a second 7h incubation at  100ºC. Then the sample was dried at  85ºC for 24 

before being pyrolysed under CO2 flow at carbonization temperatures ranging from 

750 ºC to 825 ºC at varying activation times from 4 to 12 h. The parameter which 

yielded the most mesoporous activated carbon had an activation temperature of 

750 ºC for 6 h, which gave rise to a BET surface area of 670 m2/g and mesopore 

volume of 1.12 cm3/g (which accounted for 80 % of the total pore volume). 

 

In a study by Baquero et al. (Baquero, Giraldo et al. 2003), a chemical activation 

using phosphoric acid with coffee bean husk as the raw material was tested and  the 

impregnation ratio of the chemical activating agent to raw material was 

investigated. Prior to the activation step the sample was dried for 4 h at 100oC and 

the following pyrolysis step was performed under argon gas in a tubular furnace at 

500oC. The thus produced porous carbon had a BET surface area as high as 1400 

m2/g and pore volumes as large as 1.25 cm3/g. 

 

The study by Vernersson et al.(Vernersson, Bonelli et al. 2002) used canes from 

Arundo donax as their lignocelluloses precursor and the effect of carbonization time 

and impregnation ratios with phosphoric acid as activating agent was examined. It 

was found that carbonization with the impregnation ratio of 1:2 combined with 

500oC treatment under N2 flow was optimum for enhanced mesoporous character. 

The highest total pore volume was 0.5 cm3/g with a surface area of 1309 m2/g. 

 

 To prepare mesoporous activated carbons, Macedo (Macedo, da Costa Júnior et 

al. 2006) utilized coconut coir dust as the raw material and ZnCl2 as the activating 
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agent at an impregnation ratio of 1:3 coir dust- ZnCl2. The pyrolysis step was carried 

out at 800oC under N2 flow and following the attainment of this temperature, the N2 

flow was substituted for CO2 which was then kept for 2 h before allowing the 

temperature to drop, again under N2 flow. The resultant activated carbon yielded a 

surface area of 1884 m2/g and mesoprosity in the range of 2-4 nm. 

 

Using bamboo as a precursor (Ip, Barford et al. 2008), Ip and Barford produced  

porous carbon material using H3PO4 impregnation on crushed bamboo (particle size 

fraction 500–710μm). Different impregnation ratios were evaluated with the 

pyrolysis condition being constant. The mixture was first subjected to low 

temperature (150°C) treatment for 2h and before being heated up to 600°C for 4 

hours. The results indicated that the total pore and mesopore volume increased 

with increasing impregnation ratio while the micropore volume decreased with 

increasing impregnation ratio. Also, the surface area was found to decrease with 

increasing impregnation ratio. The biggest mesopore was obtained at an 

impregnation ratio of 1:6, bamboo- H3PO4 reaching a maximum diameter of 5.32 

nm. 

 

Evergreen oak wood was also tested with H3PO4 chemical activation (del Mar 

Gómez-Tamayo, Macías-García et al. 2008). In this study, prior to chemical 

impregnation the raw material was crushed and sieved below 1mm and a range of 

H3PO4 impregnation concentrations were used (i.e., 15, 35, 60 and 85%). The 

incubation temperature of 85oC for the impregnation step was held for 2 h prior to 

the activation at 400oC for 2 h with a heating rate of 10oC/min. 
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2.4.3. Summary 

 

As was highlighted above, conventional procedures in activated carbon 

synthesis by physical or chemical activation of biomass suffer from several 

drawbacks, mainly with regards to cost of production and extra cost demanding 

preparatory steps before the activation step. Also, a further complication has been 

highlighted: when using biomass for carbon synthesis there is the problem of 

‘complete mixing’ of the activation agents with such raw materials, which are not 

hydrolysable in water. Thus, complete mixing with an activating agent such as ZnCl2 

is almost impossible (Huang, Hu et al. 2009). In his work, Hu et al. tries to overcome 

this obstacle by using a soluble carbohydrate precursor along with ZnCl2 instead of 

an insoluble biomass. In fact they had to go to the extent of using fructose which is 

an extremely expensive starting precursor material. ACs produced using their 

protocol achieve reasonable high surface areas and pore volume up to 2000 m2/g 

and 2.64 m3/g. However, their method is both expensive and complex. Such that, 

prior to activation step, the sample is first subjected to several energy demanding 

heating steps:  85°C for 3 h, 130 °C 1h, 450 °C 2h and finally 130°C for 6 hours. 

 

2.4.4. Justification and Problem Statement 

 

In summary, in our project we describe a process where we overcome some 

of these salient obstacles in synthesis and attainment of the desired carbon material 

characteristics amenable in complex water purification. Here, we solve the bio-mass 

ZnCl2  ‘mixing problem’; employing a very simple, cost effective and energy 

moderate protocol to produce in some cases superior BET surface area values up to 

2100 m2/g, far greater mesoporous pore volume up to 2.53 cm3/g. A simple single 

preparatory step was employed followed by moderate temperature (450 ºC) 

chemical activation (ZnCl2) under N2 gas permitted the creation of clearly evident 

mesoporous carbon starting from an insoluble biomass precursor. We also use high-

resolution transmission electron microscopy to authenticate our pore size results. 
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Also, the other purpose of this study was to compare the liquid-phase 

adsorption characteristics of commercial activated carbon with different pore sized 

synthesized activated carbons. Adsorption kinetics information alongside the 

adsorption equilibrium data is a prerequisite for the proper design of the adsorbent. 

To clarify the effects of pore texture and pollutants’ molecular size on adsorption, 

the adsorption capacities of large molecular sized pollutants are compared on the 

basis of adsorption performance on four kinds of synthesized activated carbons 

with increasing pore volume and pore size diameters. Organic pollutants such as 

Atrazine and tannic acid 1700, which here represent two ends of the spectrum of 

molecular dimensions,: tannic acid is a bulky sized pollutant (Table 1) and was 

employed as the adsorbate in our adsorption experiments. Such adsorption 

experiments were conducted to characterize our synthesized carbon absorbents 

and in particular allow us to evaluate the pore size of the porous carbon. Also, these 

organic compounds were selected because the adsorption capacities of these 

adsorbates have been used to rank activated carbons for removal of pollutants in 

various applications (Hsieh and Teng 2000). In addition, large MW pollutants such 

as tannic acid are found at very high concentrations in industrial waste water 

effluents (He, Yao et al. 2007). Also, the pollutant Atrazine which is a known 

pesticide is frequently encountered in wastewater treatment plants and as such the 

capacity to remove it also serves as an indicator for adsorption of small polar 

aromatic compounds. Tannic Acid, with its bulkier molecular structure which  is 

estimated to have a circular diameter of 1.6-3.5 nm (Hsieh and Teng 2000; Ariga, 

Vinu et al. 2007), has an adsorption capacity that can be related to the adsorption 

capacity for lager molecules (Hsieh and Teng 2000). Finally, from our synthetic 

wastewater adsorption capacity data, we show that larger pore size ACs were the 

determinative factor for increased adsorption capacity. At a higher concentration of 

tannic Acid (250 ppm) both our synthesized carbons perform exceedingly better 

than the commercial mesoporous carbon G60, with PMC-4 adsorption capacity 

almost 2 times greater than G60; removing up to 1000 mg/g and PMC-3 removing 

up to 800 mg/g compared to 527 mg/g in G60 at equilibrium concentrations of 
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tannic acid above 120 ppm. However, PMC-4 and PMC-3 adsorption performance 

with a smaller molecular sized organic pollutant was considerably lower, in which 

the adsorption capacity was reduced as well as the adsorption process being a lot 

slower.  Also, from our preliminary data on the adsorption capacity of the PMC 

carbon on real domestic effluent water; the LC-OCD data suggest that PMC-4 

outperformed G60 after 24 h adsorption capacity tests, in which PMC-4 removed up 

to 24% more biopolymers. 

 

2.5. Modeling of  activated carbons Adsorption 

 

2.5.1. Adsorption 

 

Adsorption is a process that occurs when molecules from a gas or liquid phase 

solute accumulate in a condensed layer on the surface of a solid or a liquid 

(adsorbent). The molecules binding at the surface are referred to as the adsorbate. 

Fundamentally the adsorption process arises from the unsaturated and unbalanced 

molecular forces present on every solid surface, when the adsorbent and adsorbate 

are in close proximity the interaction between the field of forces results in a greater 

concentration of adsorbate on the surface of the solid surface than in the bulk gas or 

liquid phase. This is referred to as adsorption, and the reverse of this process is 

known as desorption (Bansal 2005). Adsorption can be categorized as physical 

adsorption, which involves only weak Van der Waals forces and chemical adsorption 

which involves chemical bonding between the adsorbent and adsorbate. 

 

2.5.2. Adsorption Equilibrium 

 

One of the most important pieces of information gained from adsorption is 

adsorption equilibrium which is necessary in understanding the adsorption process. 

When a solid surface is exposed to gas, the molecules will interact and stick to the 
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solid surface and become adsorbed while others will continue rebounding. Initially 

the adsorption rate is high since the solid surface is not yet fully covered by the 

adsorbate, but this decreases with time as more molecules will interact with the 

solid surface. On the other hand, the rate of desorption which is the rate of 

molecules rebounding from the surface layer increases as it is being rebound from 

the covered layer. As a function of time, as the rate of adsorption continues to 

decreases; the rate of desorption continues to increase until an equilibrium is 

reached where adsorption rate is equal to desorption rate. Also, since the amount 

adsorbed at equilibrium for a specific adsorbent-adsorbate system depends on the 

pressure of the gas and the temperature of adsorption. Thus the adsorption 

equilibrium can be represented as an adsorption isotherm (Bansal 2005). 

 

2.5.3.  Assessment of porosity 

 

There are numerous methods to analyze pore structure of carbonaceous materials. 

Some of the most recognized are t–plot, Barrett, Joyner, Halenda (BJH) methods and 

Density Functional Theory (DFT). 

 

2.5.3.1. Barrett, Joyner, Halenda (BJH) Method 

 

Pore size distribution and the corresponding surface area of the mesoporous carbon 

can be calculated from the hysteresis loops according to the BJH model which is a 

modified form of the Kelvin equation (Khalili, Campbell et al. 2000). The model 

employed is based on physical adsorption and capillary condensation. This method 

is still considered one of the most popular in pore size distribution estimation, 

despite the questions raised regarding its inherent limitations which are discussed 

below.(Ravikovitch and Neimark 2001). 
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3. Materials and methods 

3.1. Materials 

 

Date pits (DP) were extracted from locally purchased date fruit of the ‘sukary 

type’. Zinc chloride (ACS reagent grade) and hydrochloric acid were purchased from 

Sigma Aldrich. Calgon carbon, G60:  Commercial activated carbon was from Norit. 

 

3.2. Production yield 

 

The yield of the activated carbon is defined as the ratio of the weight of the 

resultant activated carbon to that of the original date pits with both weights on dry 

basis(Diao, Walawender et al. 2002): 

 

Yield% = (W2/W0)× 100      (3) 

 

where W0 is the original mass of the precursor on dry basis and W2 is the mass of 

the carbon after activation, washing and drying. 

 

3.3. Porous carbon material synthesis 

 

Date pits were washed with water to remove any impurities. After drying the 

pits were ground and sieved to a particle size of 20 – 45 um. Different impregnation 

protocols were tested:  namely, conventional carbon synthesis (CC), vacuum 

impregnated carbon synthesis (VIC), physically mixed carbon synthesis (PMC), and 

physically pressed carbon (PPC).  In each protocol, the impregnation ratio was 

calculated as the ratio of weighted ZnCl2 to the weight of dried DP. 

 

In the CC method, for each synthesis run, 1 g of the ground dry DP was 

impregnated with a concentrated solution of ZnCl2   with ratios of DP-ZnCl2-H2O 
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(1:1:2, 1:2:4, 1:3:2, 1:4:8) for CC-1, CC-2, CC-3, CC-4. The mixture was placed into a 

cylindrical ceramic boat (Diao, Walawender et al. 2002) and then mixed for 1h on a 

shaker before a dehydration/carbonization step in a pre-heated oven held at 230ºC 

for 3 hour incubation to ensure evaporation of the water.  

 

For the VIC synthesis method, the dried ground DP was impregnated with a 

concentrated ZnCl2 solution (1 g of DP for 2ml of water) with the impregnation ratio 

calculated as the ratio of the weighted ZnCl2   in solution to the weight of dried DP. 

With the impregnation of 1:1, 1:2, 1:3, 1:4 for the activated carbons: VIC-1, VIC-2, 

VIC-3 and VIC-4 were synthesized respectively. After impregnation the samples 

were added into a cylindrical ceramic boat. The boat was left on a shaker for 1h 

before being placed under vacuum at ~ 80 ºC for 3 hours to ensure complete water 

evaporation.  

 

In the PMC method, the ZnCl2 impregnation required no water solution, and  

instead the dry DP (20–45) µm was immediately added to dry weighted ZnCl2 

powder and ground using a mortar and pestle. This was done for the four activated 

carbons PMC-1, PMC-2, PMC-3 and PMC-4, with impregnation ratios of DP:ZnCl2 of 

1:1, 1:2, 1:3, 1:4 respectively. Subsequently, an optional extra step could be included 

before the mixture was inserted into an actual carbonization furnace, whereby a 

mechanical pressurized presser was used to produce carbon monoliths. This step 

was not deemed necessary to obtain the unique features of the PMC carbon series - 

but rather a unique feature to our protocol. As such we refer to this alteration of the 

PMC step as the physically pressed carbon (PPC). 

 

Subsequent to the procedures described above for all synthesis methods, the 

resultant sample products were placed directly into a tubular furnace and were then 

subjected to the same activation procedure.  The samples in the heated tubular 

furnace were subjected to a sweep N2 gas flow (1cm3/min) and heated up to 450ºC 

at 3ºC/min and held at 450ºC for 2h. The final product was thoroughly washed with 

1M HCl by shaking for 1h to wash out the activating agent, filtered and then rinsed 
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with cold and boiling hot water to remove excess acid until neutral pH was obtained. 

Finally, the resultant activated carbon was incubated for 12h in a 130ºC oven before 

weighing to calculate estimated yield. 

After activation and before BET characterization all samples were crushed to 

powder and then sieved for subsequent liquid-phase adsorption studies. 

 

 

Figure 4: Summary of synthesis protocols. 

The optimization figure below shows a summary of the optimization process conducted in the PMC technique in 

which ZnCl2 solution was mixed with the ground date pits before being subjugated to the activation step.  

3.4. Characterization 

 

PPC 

PMC 
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The nitrogen adsorption-desorption tests were carried out at 77K using a 

Micromeritics TriStar II 3020. Prior to gas adsorption measurement, each powdered 

sample of porous carbons was degassed at 180ºC under N2 for at least 12 hours. 

Then the sample, between 0.01-0.015 g, was analyzed at 77 K with N2 as the 

adsorbate. Surface area, pore volume and pore size distribution of the activated 

carbon were determined. The Brunauer–Emmett–Teller (BET)  surface areas were 

assessed by applying relative pressures ranging from 0.01 to 0.3 (p/p°). The total 

pore volumes (Vt cm3/g) were estimated to be the liquid volumes of N2 at a high 

relative pressure near unity (0.99). The t-plot method was also applied in the 

TriStar II and the mesopore volume was derived by subtracting the micropore 

volume from the total pore volume. Also, the microstructures of the activated 

carbons produced from date-pits were later examined using a high resolution 

transmission electron microscope (HRTEM). 

 

3.5. Organic Compounds 

 

Tannic acid was selected as a NOM surrogate; it is an anionic organic pollutant 

with a high molecular weight of approximately 1700 g/mol. Tannic acid is a 

naturally occurring organic substance produced by the decomposition of organic 

matter in the soil. However, it is also found in the wastewater of several tanning 

industries such as the coir and leather industries. Being a water soluble 

polyphenolic compound, tannic acid can be toxic creating serious problems in the 

environment (Sarici-Ozdemir and Onal 2010). Tannic acid molecular size has been 

found to have a circular diameter of approximately 3 nm (Ariga, Vinu et al. 2007). 

Atrazine on the other hand is a small molecular organic, a commonly used 

hydrophobic organic pesticide. 
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Figure 5: Molecular structure of tannic acid (left) (Gülçin, Huyut et al. 2010) 

and atrazine (right). 

 

 

Table 2: Selected properties of the organic compounds (adsorbate) 

Adsorbate 
Mol wt. 

(g/mol) 

Circular 

diameter 

Initial Conc. 

(ppm) 

Absorbance Peak 

(nm) 

Tannic Acid 1701 3 nm 12.5-250 275 

Atrazine 216 

0.96x0.84x0.3 

(Pelekani and 

Snoeyink 

2000) 

216 221 

 

3.6. Adsorption kinetics 

 

Adsorption experiments were conducted to determine the equilibrium time so as 

to generate adsorption kinetic data and adsorption isotherm data. For every 

experiment carried out, a known quantity of adsorbent (0.0025g) of the produced 

carbon (20-45 um particle size) was contacted with the 35ml aqueous pollutant 

solution (tannic acid solution at 25 ppm or atrazine at 24.5 ppm) and the mixture 
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was shaken at room temperature for a given recorded time. This was done using 

small glass 50 ml vials with PTFE lined caps. Prior to the start of the adsorption 

experiment, for tannic acid solution, a pH 5 solution was ensured for all the 

experiments using sodium acetate buffer to avoid dissociation or photo-degradation 

of the tannic acid molecule, whereas the pH of the atrazine solution was measured 

at 7 constantly. Finally a blank control solution with no carbon powder was also 

included in every experiment. 

 

Following attainment of equilibrium, the mixture was allowed to settle 

before measuring the residual equilibrium concentrations. The residual 

concentration of   tannic acid and atrazine in the supernatant solution was 

measured on a Shimadzu’s UV2550 spectrometer at the wavelengths 275nm and 

221 nm respectively. The amount of the adsorbed chemicals by the carbon materials 

(qe) was calculated by the equation below, where qe is the amount of pollutant 

adsorbed, C0 the initial concentration of pollutant, Ce the residual concentration of 

pollutant, V the volume of aqueous solution, and W the amount of adsorbent used. 

 

W

VCC
qe e )( 0         (4) 

 

3.7. Equilibrium isotherm test 

 

Isotherm studies have been carried out to assess the efficiency of the adsorbent to 

remove tannic acid and atrazine from aqueous solution. Adsorption tests were 

carried out by shaking a constant mass (0.0025g) of a pre-determined size of the 

adsorbent (20-45µm) with a constant volume (35ml) of tannic acid  or atrazine 

solution of increasing initial concentration (12.5-250ppm). In general, the isotherm 

experiments protocol was similar to the kinetic experiments the mixtures were 

agitated on a shaker at 300 rpm up to the predetermined equilibrium time of 45h. At 

the end of the experiments the residual concentrations were determined using UV-
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Vis. However, for high initial concentrations sample, dilution was required before 

UV measurement to meet the detection limit of the instrument. Also, blank solutions 

were treated similarly without the adsorbent and the recorded concentrations at 

the end of each experiment were taken as the initial concentration. Every data set 

was then used to calculate the adsorption amount, qe, of the adsorbent. Finally the 

adsorption capacity was plotted against equilibrium concentration, Ce. All the 

experiments were carried out in duplicate under identical conditions.   
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4. Results and Discussion 

 

4.1. N2 adsorption-desorption isotherms BET surface areas 

 

Nitrogen adsorption isotherm is the standard tool for the characterization of 

porous adsorbents. This adsorption isotherm measurements can yield valuable 

information about surface area and pore structure of an adsorbent material (Jiang, 

Zhang et al. 2008). 

 

 

The N2 adsorption-desorption isotherms and pore-size distribution plots for 
the synthesized porous carbon samples from the preparation methods VIC and CC 
are shown in (Appendix 2-3), and the important physical characteristics for all the 
synthesized carbons from each of the four methods VIC, CC, PPC and PMC are 
summarized in  

. Since PMC was chosen as the candidate carbon product as it represents the 

least energy intensive synthesis, we use its BET physical characteristics plot to 

explain the results obtained. 

 

Figure 6 below clearly illustrates the effect of ZnCl2 activation on the BET 

surface area, which includes all four synthesized AC from the three synthesis 

procedures reflecting increasing DP:ZnCl2  ratios ranging from 1:1 to 1:4 for which 

the carbon name and number correspond. The BET surface areas for all ACs from 

the three synthesis methods all exceed 1500 m2/g. Although they are all relatively 

similar in their surface areas, there are, however, some differences. The PMC and CC 

carbons are showing closer trends in their calculated BET surface area with the 

exception of the higher DP:ZnCl2  ratios. From the bar graphs it can be seen that CC-

3 and CC-4 are relatively equal in the BET values around 1800 m2/g. On the other 

hand, PMC-3 and PMC-4 are not as close to each other. PMC-4’s surface area exceeds 

2000 m2/g and PMC-3 is 1700 m2/g. In contrast to the PMC and CC porous carbon 
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series, VIC shows a very different trend altogether, in which the BET surface area is 

decreasing with increasing DP:ZnCl2  ratio, which correlates with larger 

mesoporosity. 

 

Table 3: Textural characteristics of the porous carbons synthesized in this 

study and the commercial activated carbon G60. 

Adsorbent 
SBET

a 

(m2/g) 

Smeso
b 

(m2/g) 

Smeso 

/SBET 

Vtotal
c 

(cm3/g) 

Vmeso
d 

(cm3/g) 

Vmeso 

/Vtotal 

Dmax
e 

(nm) 

% 

Yied 

F200 732 286 0.29 0.54 0.23 0.43 1.79  

G60 893 301 0.34 0.86 0.61 0.59 2.83, 13.34  

CC-1 1974 1169 0.60 0.93 0.74 0.79 1.6 34.7 

CC-2 2122 1546 0.73 1.50 1.50 1 2.7 34.86 

CC-3 1870 1445 0.77 1.79 1.78 1 4.7 34.82 

CC-4 1879 1374 0.73 2.05 2.05 1 5.5 34 

VIC1 2318 1462 0.63 1.12 0.94 0.84 1.7 40.2 

VIC2 2475 1736 0.70 1.52 1.51 0.99 2.4 46.18 

VIC3 1819 1364 0.75 1.96 1.95 1 4.45 40.78 

VIC4 1647 1233 0.75 2.48 2.48 1 13.45 35.37 

PPC1 2045 1372 0.67 0.95 0.83 0.87 1.54 33.57 

PPC2 2219 1646 0.74 1.42 1.42 1 2.37 38.24 

PPC3ii 1699 1243 0.73 1.7 1.7 1 3.76 29.26 

PPC4ii 2081 1572 0.76 2.53 2.53 1 9.6 51.39 

PMC1 1797 1226 0.68 0.89 0.79 0.89 1.81 42% 

PMC2 1729 1244 0.72 1.23 1.22 0.99 3.08 43% 

PMC3 1607 1183 0.74 1.72 1.72 1 6.46 42% 

PMC4 1572 1167 0.74 1.99 1.99 1 9.31 44% 

aSBET: BET surface area, bSmeso: Mesoporous surface area, cVtotal: Total pore volume, dVmeso: 

Mesoporous pore volume, eDmax: Maximum of pore size distribution peak. 

CC/VIC/PMC-1, 2: Prepared with Char:ZnCl2 ratio of 1:1, 1:2 

CC/VIC/PMC-3, 4: Prepared with Date pit:ZnCl2 ratio of 1:3, 1:4 

F200; G60: Commercial activated carbon from Calgoncarbon and Norit respectively 
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, the trend appears as expected, in a good agreement with numerous studies 

using ZnCl2 as a chemical activation agent. 

 

 

Figure 6: Surface area for all the synthesized activated carbons of the four 

methods employed 

 

In Figure 7, we can see that the adsorption-desorption plots for the carbons 
prepared with lowest DP:ZnCl2  ratio show steep type I isotherms, in which the 
curve shows a sharp rise at low relative pressure before reaching a plateau for 
PMC1 (Ip, Barford et al. 2008) – the synthesized carbon’s nitrogen uptake was 
significant only in the low-pressure region where p/po < 0.2. On higher relative 
pressure p/po > 0.2 there was no more adsorption – reaching an equilibrium at 
approximately 0.2. This is coherent with IUPAC classification – in which the curve 
resembles the Type I isotherm which is indicative of microporous solids (Brunauer, 
Deming et al. 1940; Recommendations 1994). Although the BET surface area for the 
1:1 DP:ZnCl2 ratio derived activated carbons for all synthesized AC exhibited very 
high number up to 2318m2/g for VIC-1 and 2000m2/g for PMC-1 ( 
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), according to Warhust et al. (Warhurst, Fowler et al. 1997),  

 

 

 

Figure 7: PMC series N2 adsorption-desorption isotherms. 

 

As the DP:ZnCl2  ratio increases, a more gradual increase in N2 adsorption 
uptake is exhibited, all of which suggest a widening of pores and broadening of pore 
volume distribution (Hu and Srinivasan 2001). In PMC-2 the adsorption isotherm 
plots show a similar trend to PMC-1 for p/po > 0.2 after which there is a steep rise up 
to p/po ≈ 0.45 before reaching a plateau. It can be seen that as the impregnation ratio 
rises there is an accompanying gradual increase in the isotherm curve with a slight 
hysteresis loop, suggesting the presence of some mesoporosity and a wider pore 
size distribution (Ip, Barford et al. 2008). Also of note is the particular shape of the 
isotherm curve for PMC-2, which looks like a mix between Type I and II of the BDDT 
classification. However, all together the characteristic isotherm indicates that the 
carbon is mainly microporous in character with a modest contribution to 
mesopores. This is indicated by the hysteresis loop which was evidently very faint 
with a relatively low increase of N2 adsorption at higher relative pressures. This is 
also an indicator of moderate mesoporosity (Girgis and Ishak 1999). The trends and 
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characteristics observed can be corroborated by the physical characteristic 
presented on  

 and accompanying pore BJH pore volume distribution plots, (Figure 9, 

Appendix 2 and 3) for all 1:1, 1:2, 1:3 and 1:4 DP:ZnCl2 ratios on the preparation 

methods (CC, VIC and PPC).  

 

The curves for these synthesized carbons showed a lot of similarities. Unlike 

the 1:1 series, the 1:2 ratios start to show unique characteristics between 0.2 <p/po 

< 0.45, wherein an inflection or ‘knee’ gradually rises reaching plateau from  p/po ≈ 

0.45 for carbons VIC-2 and PMC-2. On the other hand CC-2 reached plateau at p/po ≈ 

0.8 whilst also showing hysteresis on desorption. All of the above isotherm 

characteristics are indicative of significant development in mesoprosity production 

in these synthesized carbons. 

 

Looking at the isotherm plot for the lower DP:ZnCl2 ratio carbons namely 1:3 

and 1:4 for PMC-3 and PMC-4 respectively we can see that increasing the ZnCl2 ratio 

affected the shapes of the curve taking on very different characteristics compared to 

PMC-1 and PMC-2, in which there are two prominent inflections of the curve. The 

first inflection of the curve starts from p/po < 0.2 – taking an S shape while 

steepening upwards before another inflection, seen at p/po ≈ 0.45. Also, for both 

PMC-3 and PMC-4 we can see that the inflection ‘knee’ becomes more open and 

stretches over a wide range before reaching plateau at higher relative pressures. 

This prominent feature seen on PMC-3 and PMC-4, in which the isotherm curve 

shape takes on a second inflection rise is suggested to be a strong indication of the 

process of pore widening, is consistent with mesopore formation (Girgis and Ishak 

1999; Khalili, Campbell et al. 2000). Also, the rise increasing in the slope at higher 

relative pressures can suggest higher mesoporosity (Girgis and Ishak 1999). This 

group of isotherms are characterized by hysteresis loops associated with filling and 

emptying of mesopores by capillary condensation as well as limiting uptake 

occurring at higher relative pressures  (Warhurst et al, 1997)(Khalili, Campbell et al. 

2000). 
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From  
.and Figure 6, the results show that for the PMC and CC porous carbon series, 

the total BET surface areas stayed relatively the same at very high adsorption 

uptake values with increasing DP:ZnCl2 impregnation ratios, seemingly not affected 

by the increasing mesoporosity. However, this is not the case with the CC series, as 

the results reflect that with increasing mesporosity there is a decreasing trend in the 

total BET surface area, where the lowest surface area was for the highest 

mesoporous carbon CC-4. 

 

In summary, the high surface areas were achieved on all carbon materials. 

and the similarities in the surface areas from the three techniques support our 

decision to take on the PMC series as our best carbons since they require the least 

energy demanding steps in preparation. Furthermore, to our best knowledge the 

high surface area gained using date-pits are the highest values reported. 

 

4.2. Pore size and pore distribution 

 

The extent of mesoporosity in the synthesized materials and their pore size 

distribution are important to estimate the amount of adsorbate molecules that can 

access and cover the adsorbent carbon. In order to observe the effect of 

impregnation of activating agent on the pore size development, the pore size 

distributions for different DP:ZnCl2 ratios AC were mainly analyzed by using the 

Barret, Joyner, and Halenda (BJH) method (Ip, Barford et al. 2008). 
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Figure 8: Total BJH pore volume of all synthesized activated carbons. 

 

The bar chart in Figure 8  illustrates the effect of chemical activation on total 

pore volume for the four synthesis techniques we investigated. In it, there is a clear 

trend of correlation of increasing total pore volume with increasing DP:ZnCl2  ratio 

for all techniques. Furthermore, our developed chemical activation protocol (i.e., 

PMC series) clearly shows similar trends in comparison to the other two 

conventional and energy demanding synthesis protocols, the CC and VIC series. 

However, the PMC and VIC methods show more similarities when it comes to the 

highest DP:ZnCl2  ratio of 1:4, with a calculated total pore volume of 2.53 and 2.48 

cm3/g for PMC and VIC respectively. What is most important here is that we 

bypassed the extra preparatory energy demanding steps in the CC and VIC methods 

with the PMC method, whilst also achieving competitively similar total pore 

volumes. 

 

As a general trend, the total pore volume of all the synthesized carbons with all four 

methods increases as a function of increasing ZnCl2 ratio with the 1:4 DP:ZnCl2 ratio 

showing the highest calculated pore volume. Our data suggest that the useful 

physical characteristics obtained can be attributed to using very small DP particle 
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size in the impregnation step, which allowed the ZnCl2 to impregnate sufficiently to 

produce the high pore volumes (Huang, Hu et al. 2009). 

 

Plots of the BJH pore volume analysis of carbons from each of the three 

techniques are presented in Figure 9  and the data suggests a dependence of 

mesopore formation and total pore volumes on increasing ZnCl2 ratio. The ACs using 

1:4 DP:ZnCl2 ratios are consistently showing the highest pore volume and pore 

diameter. The plot on Figure 9 reflects correlation between ZnCl2 concentration and 

pore development.  As it can be seen, peaks show the predominant pore size 

gradually shift right of the axes on the plot towards bigger pore size. This trend 

represents wider pore distribution and large pores increasing as a function of the 

amount of ZnCl2 used for activation.  

 

Figure 9: PMC BJH pore size distribution curves. 

 

For the largest impregnation in the syntheses of PMC series (PMC-3 and PMC-4) 
using DP:ZnCl2 ratios of 1:3 and 1:4, they produced AC with a wide pore size 
distribution for which the pore diameter peaks measure at approximately ≈ 4.2nm 
and  ≈  9.5 nm for PMC-3 and PMC-4. Also, as it is shown in  

, the total pore volume percentage occupied by the micopores decreased as the pore 
sizes were increased as a function of increasing impregnation ratio.  
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 shows that the maxima of the pore size distribution curves shift to increasing pore 

size diameters, with the curve occurring at less than 2 nm for the samples made 

with a DP:ZnCl2 ratio of 1:1. For the next impregnation ratio of 1:2 we see the peak 

shifting up to 2.5 nm, indicating the beginning of mesoporosity.  

 

Looking at the BJH plots for all 1:4 synthesized carbons, we can be reassured 

that the least energy intensive method, PMC synthesis method, produced very 

similar pore sizes to others. PMC-4 gives a pore diameter of ≈ 9.32 nm, whilst the 

VIC-4 method, which is the most energy intensive protocol and which requires up to 

4 h in vacuum following impregnation, give rise to a diameter of ≈ 9.17. However, 

VIC-4 occupies a larger volume within larger pore diameter region. The mesopore 

volume shows similar dependence on DP:ZnCl2 ratio to that of the surface area 

calculated for all the carbons. 

  

 

Figure 10: Comparing BJH pore volume distributions for 1:4 AC from all 

methods. 

From  
, it can be said that the mesopore surface area percentage has stayed almost 

constant with all four synthesized carbons with their varying ZnCl2 impregnation 

ratios. It has been suggested that the ZnCl2 has effect on two competing mechanisms 
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– micropore formation and pore widening, wherein micropore formation is the 

dominant mechanism at low ZnCl2 to precursor ratio and the pore widening process 

becomes the dominant force as the ZnCl2 ratio increases. . 

 

A closer look at the adsorption-desorption isotherms for the carbons in the 

1:3 and 1:4 DP:ZnCl2 ratios (PMC-3 and PMC-4) can illustrate the presence of 

mesopores, with the isotherms exhibiting adsorption-desorption hysteresis loops. 

Such hysteresis loops are related to cylindrical shaped pores (Rouquerol, Rouquerol 

et al. 1999). This is mainly according to the IUPAC classification in which the H1 

hysteresis loops are characterized by adsorption/desorption branches, which are 

steep at intermediate relative pressures. The H2 type’s adsorption branch on the 

other hand, has a sloping character with the desorption branch steep at 

intermediate relative pressures (Aligizaki 2006). From the PMC-4 curve we can see 

that the adsorption and desorption branch is indeed sloping very steeply between 

p/po ≈  0.5 – 0.8 reaching very high N2 adsorption levels of ≈  1500 cm³/g STP. On 

the other hand, PMC-3 adsorption curve also suggests a hybrid of the two type of 

hysteresis but with more inclination to the H2 description. The adsorption branch is 

sloping across relative pressures of p/po ≈ 0.5 – 0.8.  

 

In summary, the N2 adsorption data suggests that increasing ZnCl2 

concentration shows a pronounced increase in the mesoporosity of the porous 

carbons and a drastic increase in the pore size and volume, which will be 

highlighted further by the HR-TEM images. Notably, the mesopore volume increased 

with increasing ZnCl2 concentration, yet it did not come with a drastic expansion of 

the BET surface area as was seen in other works conducted on activated carbons 

from agricultural by products.. PMC-4 was produced using the least energy intensive 

method and still exhibited a high BET surface area (2081 m2/g) and pore volume 

(2.53 cm3/g). The preparation technique employed in this project has allowed for 

the production of activated carbons with very good contribution of mesopores, from 

4 up to 10 nm in PMC-3 and PMC-4 respectively. When considering the protocols 

employed to give rise to these unique pore sizes, the data presented using our 
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optimized technique has good potential for being a cost effective protocol with 

desirable characteristic for mesoporous activated carbons. 

 

4.3. Imaging the pore structure of activated carbons using HRTEM 

images 

 

Figure  shows high-resolution transmission electron microscopy (HRTEM) images 

for sample PPC-4.  Figure 2 compares the HRTEM images of PPC-3 before and after 

washing and clearly we can see the ZnCl2 clusters dispersed on the carbon matrix 

before the washing step, which were removed by the washing step with 1M HCl. The 

removal of ZnCl2 clusters contribute to the mesoporosity of the carbon as can been 

seen on Figure 2c. The ZnCl2 clusters show good contrast and clearly measure up to 

7-8nm (Appendix 6 and 7). 

 

 

 

 

 

Figure 11: (a)  PPC4 – 100 nm (b) 20 nm (c) 20 nm (d) 5 nm 

(a) (b) 

(c) (d) 
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Figure 12: PPC3 without washing (a) XRD Map (b) 20 nm (c) 10 nm (d) 10 nm 

(Zn map) 

 

 

4.4. Adsorption kinetic studies 

 

Adsorption kinetics experiments were carried out in order to determine the 

optimum adsorbent equilibrium time. The adsorption kinetic data for the uptake of 

tannic acid and atrazine versus contact time is presented in Figure  and Figure 11. A 

series of experiments for tannic acid removal by PMC-3, PMC-4 and G60 were 

carried out using the same initial concentration of 25 ppm for tannic acid and 24.5 

ppm for atrazine. The figures illustrate that the amount of tannic acid adsorbed per 

unit mass of activated carbon increases with time until it reaches a plateau value, 

(c) (d) 

(a) (b) 

(d) 
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after which no more pollutant is removed from the aqueous solution. This is the 

point where the amount of organic desorbing from the adsorbent reaches dynamic 

equilibrium with the amount of adsorbate (tannic acid/atrazine) being adsorbed. 

Consequently, the time needed to reach this state of equilibrium is termed the 

equilibrium time point and subsequently this point reflects the equilibrium 

adsorption capacity of the adsorbent material at the specified conditions. The 

percentage removal was very similar for all three carbons throughout the kinetic 

experiment. The kinetic curves in Figure  and Figure 11 suggest the equilibration 

time for tannic acid and atrazine being approximately 50 h and 2h respectively. 

Thus, in the subsequent adsorption isotherm measurement, 55h equilibration time 

was used for both atrazine and tannic acid. 

 

Figure 13: Tannic acid (25ppm) adsorption kinetics onto synthesized AC 

(PMC3 and PMC4) and commercial activated carbon G60 (Norit) 
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Figure 11: Atrazine (24.5ppm) adsorption kinetics onto synthesized AC (PMC3 
and PMC4) and commercial activated carbon G60 (Norit) 
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4.4.1. Adsorption isotherms 

 

Adsorption isotherms show the way in which the adsorption of molecules 

distribute between the liquid phase and solid phase at equilibrium. It is at this point 

where the adsorption process reaches what is known as the equilibrium state. 

Figure 12 and Figure 13, show the adsorption isotherms for tannic acid and atrazine 

respectively at 25oC on the powdered activated carbon.  

 

Figure 12: Adsorption isotherm c of tannic acid on PMCs and G60 

 

Figure 12 shows the equilibrium adsorption isotherms of tannic Acid in aqueous 

solution onto our two synthesized mesoporous activated carbons (PMC-3 and PMC-

4), whilst also comparing it to a commercially available mesoporous carbon, G60 

from Norit. As their BET surface areas are similar, it is obvious that differences in 

their pore structure are playing an important role in the differences observed in 

their adsorption isotherms (Hsieh and Teng 2000). Judging from the isotherms, the 

adsorption capacities of the three carbons are in the following order PMC-4>PMC-

3>G60. Looking at Figure 12, we can see that when Ce is 150 ppm,  qe for PMC-4 is 
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1024.9 mg/g for PMC-4 as compared to 527.4 for G60. Clearly PMC-4 has the highest 

adsorption capacity among the three carbons, adsorbing almost 2 fold more than 

the G60 Norit commercial mesoporous activated carbon. The higher adsorption 

capacities at increasing concentration is very evident and allows us to suggest that 

the mesopore effect is enhanced by the increasing molecular size of the tannic acid 

adsorbate molecule (Hsieh and Teng 2000). For the smaller atrazine molecule 

(Figure 13), we can see that G60 was superior in its adsorption capacity to that of the 

synthesized carbons PMC-3 and PMC-4. This can be largely attributed to 

heterogeneous attributes of the G60 carbon in which it possesses a large number of 

small sized pores close to the molecular size of the atrazine pollutant.. 

 

 
Figure 13: Adsorption isotherm of  atrazine on PMCs and G60 

Our adsorption isotherm data quantitatively demonstrates the importance of 

the mesoporosity on the adsorptive capacity of the synthesized carbon in aqueous 

solution using the large tannic acid molecule. This experiment allows us to make 

two conclusions: the first is the authentication of the existence of large pore 
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diameters in our synthesized carbons, and the second is the demonstration of the 

enhanced adsorptive capabilities of our synthesized activated carbons (PMC series) 

from a non-soluble biomass resource. However, to further illustrate the effect of 

pore structure on adsorption capacity, a closer look on the adsorptive isotherm 

models is required. 

 

4.5. Wastewater adsorption  

 

The adsorption experiments were carried out using 100 ml of secondary effluent 

wastewater dosed with 25mg/L of activated carbon. The mixture was shaken for 24 

h before measuring absorbance at UV245 and LC-OCD analysis. Although these 

results are preliminary as it was done using only one replica, the results indicate 

that the produced mesoporous activated carbon (PPC4) competes well with the 

mesoporous commercial G60 carbon for the removal of the NOM fraction. In fact, the 

removal of the large MW fraction of biopolymers by PPC-4 actually exceeds the 

performance of G60, with PPC-4 removing almost 72% of the feed water 

biopolymers (Figure17). In general it can be seen that there is a trend with the 

carbons, with the larger mesoporous carbons PPC-3 and PMC-4 showing better 

removal than the microporous PPC-1 and PPC-2. Thus, the produced carbon holds 

promise as an cost-effective material in removal membrane foulants from the 

secondary wastewater. 
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Figure 17: NOM fraction percentage removal from secondary effluent 

wastewater (filtered through 1 µm). DOC (dissolved organic carbon), 

Hydrophobic DOC, Hydrophilic DOC, BP (Biopolymers), HS (Humic 

Substances), BB (Building blocks), Neutrals (Low molecular weight neutrals). 
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5. Conclusion 

 

In this study, we show that an insoluble agricultural biomass, date pits, can be 

used as a raw material to make activated carbon with high level of mesoporosity 

and high surface area. Very promising results have been shown using a cost effective 

synthesis method in the PMC series. Therein, the method is less energy intensive 

than the conventional methods for activated carbon production, while also 

generating competitively similar physical characteristics to the conventional 

techniques. This can largely be attributed to the small particle size used in our 

synthesis method. As such, it allowed for better impregnation by the chemical 

activation agent, ZnCl2, leading to larger surface area and mesoporosity in the 

resulting AC. Furthermore, avoiding the use of water for impregnation with a 

concentrated ZnCl2 solution has consequently allowed us to save the dehydration 

step which is a cost demanding step.  Thus, we consider our optimized technique as 

a potentially cost-effective synthesis procedure for the production of mesoporous 

activated carbons.  

 

When the date-pit raw material was impregnated with ZnCl2 at increasing ZnCl2 

to DP ratio, a good development of mesoporosity was observed. The activated 

carbon prepared from date-pits was successfully employed for quantitative removal 

of the bulky tannic acid and the smaller atrazine pollutants from aqueous solution. 

The equilibrium adsorption was achieved in 55 h and 2h respectively. Our 

synthesized activated carbons using our methods performed better in the 

adsorption of some of the bulky fractions of NOM using real secondary effluent 

wastewater. These results indicated that date-pit activated carbon could be used as 

a low cost alternative to commercial activated carbon in the removal of bulky water 

contaminants.. 
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6. Future recommendations 

 

This study was designed to utilize a non-soluble biomass precursor (date-pits) found in 

Saudi Arabia. Several techniques were investigated whereby a newly optimized protocol 

in the chemical activation procedure produced highly mesoporous carbons which were 

then subjected to detailed characterization.  

 

 Although we believe that the particle size effect has been a large contributor 

to the larger surface area and mesoporosity in our synthesis protocol, further 

experimentation is required to elucidate this. Experiments need to be 

conducted on a ladder of sieved date-pit particles from approximately 2 mm 

down to 45 µm so that we can see where the cutoff point lies, whereby the 

insoluble biomass precursor can be properly mixed for the ZnCl2 

impregnation step. 

 In addition, using the same protocol of the PMC series, activated carbon 

products from the different sieved grain fraction of the date-pit precursor 

need to be evaluated for their physical characteristics in terms of surface 

area and pore volume distribution.  

 Mechanical strength experiments need to be carried out on the ‘monlolithic’ 

carbon discs generated after the mechanical pressing step in the PMC 

synthesis method that was developed. It will allow for a full evaluation of 

whether our PMC protocol is able to generate GAC disk. 

 For further characterization of the performances of the activated carbons, 

more adsorption tests are required using different molecular weight 

adsorbates other than tannic acid and atrazine as well as the synthesized 

carbons beside PMC. These would represent the large/bulky molecules to 

smaller molecules. This will also allow us to fully appreciate and authenticate 

the mesoporosity formed in our synthesized carbon products in an indirect 

way. 
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APPENDDICES 

 

 

Adsorbate Details of adsorbent 

Adsorption 

Capacity 

(mg/g) 

Reference 

Tannic 

Acid 

PMC-4 

 

993 

(pH 5) 

Present study 

Produced from olive stones by carbonization 

under CO2 flow at 1113 K (ºC), using activation 

times ranging from 13-30h 

 

54.2-96.2 

(Rivera-Utrilla, 

Moreno-Castilla 

et al. 1993) 

Produced from fire wood, samples are dried at 

110ºC for 24 h, then carbonization takes place 

under steam at 500 ºC for 3 h, subsequent 

activation temperatures upto 900 ºC under 

steam flow for 5h.  

 

731 
(Wu, Tseng et al. 

2005) 

 

 

Appendix 1: Comparison of adsorption capacities of various porous carbon 

based adsorbents for the four organic compounds (methylene blue, diuron, 

caffeine and atrazine) from literature 

 
Appendix 2: Liquid chromatography organic carbon detection (LCOCD) 
 

Liquid chromatography-organic carbon detection (LC-OCD) is an automated 

size-exclusion chromatography technique, which can be applied to monitor low 

concentrations of organic carbon in water with very high sensitivity. LC–OCD 
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systems have been successfully used to monitor NOM in natural waters, to give 

quantitative and qualitative results regarding molecular size distribution of the 

water impurities (Batsch, Tyszler et al. 2005). The organic substances detected can 

also be fractioned based on their molecular weight (Huber, Balz et al. 2011). The LC-

OCD system has also been used to identify NOM associated with membrane fouling 

(Batsch, Tyszler et al. 2005). The LC-OCD system’s qualitative analysis is based on 

size exclusion chromatography in which NOM for example is separated according to 

size/molecular weight. When the water sample is injected into the chromatographic 

column filled with a gelatinous material; substances with smaller MW will have 

easier access to the internal pore volume than large MW molecules, which means 

larger molecules will elute first followed by the smaller molecules(Batsch, Tyszler et 

al. 2005). 

 

Classes of NOM eluting from high to lower MW range: biopolymers (BP), 

humic substances (HS), and low MW acids (LMA) (Baghoth, Sharma et al. 2011) and 

the magnitude of the biopolymer elution peak has been previously linked with 

fouling in UF membranes (Amy and Her 2004). The separated compounds were 

detected by UV absorption at 254 nm. 

 

The chromatogram peaks generated by the LC-OCDs for the detected organic 

fractions can be quantified by integrating the area below the peaks and converting 

them into concentrations using a calibration curve. Liquid chromatography/organic 

carbon detection (LC-OCD) was conducted using the method described by Huber et 

al. (2010). Samples were passed through a 0.45-μm filter before analysis to remove 

particulates. 
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Appendix 3: 

 Elemental analysis of date pits and porous carbons 

Sample C (%) O (%) H (%) N (%) O/C 

DP 47.28 36.26 6.81 1.01 0.77 

PC-1 85.17 5.14 2.10 1.62 0.06 

PC-2 87.87 6.36 2.37 0.83 0.07 

PC-3 93.71 5.51 2.49 0.53 0.06 

PC-4 90.67 4.97 1.92 0.80 0.05 

G60 90.73 1.50 0.57 0.16 0.02 
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Appendix 4: Vacuum impregnation carbon synthesis (VIC) method, BJH pore 

size distribution curves. 

 

 

 

 

 

 

 

 

Appendix 5: Conventional carbon (CC) and physically pressed carbons (PPC) 

preparation synthesis method, (left)  Nitrogen adsorption-desorption 

isotherms for prepared (right) BJH volume distribution curves. 
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Appendix 6: Tannic acid percentage removal by PMC-3,PM-C4 and G60 
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Appendix 7: LC-OCD analysis of change between Feed (Secondary wastewater 

effluent) and permeate after PAC dosing following 24 hours. 
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Appendix 8: PMC-3 (DP:Zn _1:3 ) with ethanol only  (e)  20 nm  (f) 50 nm (g) 

(h) 20 nm (i) EDX spectrum of activated carbon after washing 

(e) 
(f) 

(g) (h) 

(i) 
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Appendix 9: PMC-4 AC washed with 1HCL and absolute ethanol (n) 100 nm (o) 

50 nm (p) 10 nm (j)  100 nm  (k)  50 nm (l) 0.5 um   
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Appendix 10: Residual mass after carbonization to 900°C, indicating residual 

mass of the inorganic  metal. 

 

 

 

Appendix 11: Hybrid PAC flux experiments 
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